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Abstract
In this thesis, we study which eﬀects can delay the formation of the ﬁrst stars in the Universe.
These Population III stars were the ﬁrst luminous objects emerging after recombination,
starting to end the dark ages. They form in minihaloes or ﬁrst galaxies, and the minimum
mass of these objects is strongly related to the number of Population III stars that formed.
In some regions of the Universe, there is an oﬀset velocity between baryons and dark matter,
the so-called streaming velocity. In this thesis, we show that in regions with large streaming
velocities, the halo masses necessary to form the ﬁrst stars increase. These regions are the
perfect environment for the formation of direct collapse black holes. Feedback in the form
of Lyman-Werner radiation emitted by the ﬁrst stars can destroy molecular hydrogen and
prevent the primordial gas cloud from cooling and collapsing. This also leads to an oﬀset
in time and halo mass for Population III star formation. To account for the strength of the
Lyman-Werner background, we performed simulations that study the escape fraction from
minihaloes and the ﬁrst galaxies. With these results, we provide a piece of the jigsaw of the
star formation history of the Universe.
Zusammenfassung
Diese Doktorarbeit handelt davon, welche Eﬀekte die Entstehung der ersten Sterne im Uni-
versum verzögern. Diese Population III-Sterne waren die ersten Objekte nach der Rekombi-
nation des Universums, von denen Licht ausging und die somit anﬁngen, das Dunkle Zeital-
ter des Universums zu beenden. Sie entstanden in Minihalos oder ersten Galaxien, und die
Mindestmasse dieser Halos korreliert mit der Anzahl an gebildeten Population III-Sternen.
In einigen Regionen des Universums gibt es große relative Geschwindigkeiten zwischen den
Baryonen und der dunklen Materie, die sogenannten Strömungsgeschwindigkeiten. In dieser
Arbeit zeigen wir, dass die Mindest-Halomasse, oberhalb derer Population III-Sterne entste-
hen können, in Regionen mit großen Strömungsgeschwindigkeiten zunimmt. Außerdem
bilden diese Bereiche die perfekte Umgebung für schwarze Löcher, die in einem direkten
Kollaps der Gaswolke entstehen. Die allerersten Sterne strahlen auch in den Lyman-Werner
Bändern und erzeugen dadurch einen negativen Rückkopplungsmechanismus für weitere
Sternentstehung. Diese Strahlung zerstört molekularen Wasserstoﬀ, ohne den Gaswolken
nicht kühlen können, was zu einer Verzögerung der weiteren Sternentstehung und einem
Übergang zu Sternentstehung in massiveren Halos führt. Um die Stärke des Lyman-Werner
Strahlungshintergrundes besser bestimmen zu können, haben wir mit Simulationen den
prozentualen Anteil der Strahlung, der die Haloumgebung verlassen kann, bestimmt. Damit
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When, how and where did the ﬁrst stars in the Universe form? These questions
involve many studies and are of fundamental interest. Without stars, the Universe
would consist of only hydrogen and helium, as heavier elements are bred in stars
and supernovae. We would like to understand how the ﬁrst stars and black holes
formed, to derive a consistent picture from the Big Bang until the present day.
We are now on the edge of a new era. Currently, observations of the high-redshift
regime of z  15  40 are not yet possible, but will come closer in the next decade
with direct and indirect observation techniques. Now, we can run simulations and
models and predict properties of these ﬁrst stars and black holes that can be tested
soon.
In contrast to simulations of present-day star-forming regions, these computer
simulations of the ﬁrst stars have the fundamental advantage that we can build them
on a well-established theory, cosmology. In addition, we have a good understanding
of the underlying chemistry of the gas which has primordial composition, consisting
of hydrogen and helium and the isotopes and molecules these two elements can
form. These two fundamental blocks are incorporated in present-day simulation
codes. We can now run massively parallelized simulations that are able to predict
the fundamental properties of the early Universe.
1
2 1.1. COSMOLOGY
In this introduction, I will brieﬂy review the cosmological model we are building
our assumptions upon, followed by a more detailed summary of the evolution of
the Universe in the “Dark Ages”, before the Universe was reionized. During that
time, structure formed in a hierarchical way from smaller to larger objects, starting
from tiny ﬂuctuations emerging from the CMB. After discussing these linear and
nonlinear modes of structure formation in Section 1.3, I will give a short overview
of the chemical reactions taking place in the ﬁrst objects, minihaloes and atomic
cooling haloes, in Section 1.4.
In Section 1.5, I will then describe properties of minihaloes and atomic cooling
haloes, which are the building blocks of structure at these redshifts. Following that,
I will also tell the reader about the two types of objects that form in these haloes,
the ﬁrst stars and black holes. Three non-linear eﬀects will inﬂuence the birth of
these so-called Population III (Pop III) stars: streaming velocities, a Lyman-Werner
background (LWBG) and X-rays. The ﬁrst two delay the formation of the ﬁrst stars,
whereas the latter has been found to accelerate it. Thus the combination of these
eﬀects plays a role in understanding the star formation history of the Universe. I
will review their contribution and inﬂuence and point to open questions that we
hope to target with future studies.
Observations of massive quasars at high redshift put strong constraints on the
formation mechanism of black holes. In Section 1.6, I will explain which challenges
these observations cause and review the two possible formation channels via stellar
seed black holes and so-called direct collapse black holes (DCBH). Finally, in Section
1.7, I will show how these objects will become detectable in the coming decade and
how we might test our theories with these observations.
1.1 Cosmology
The model that describes the nature of the Universe best is currently the CDM
theory. It is based on the cosmological principle that the Universe is homogeneous
and isotropic on large scales.
The velocity v(x; t) of a source at position x relative to the observer is related
to its position via the Hubble law v(t) = H(t) x(t). The Universe is expanding and
objects that are further away move with a higher velocity. The Hubble parameter
H(t) changes with time.
The metric corresponding to an homogeneous and isotropic Universe is the
2
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Friedmann–Lemaître–Robertson–Walker metric (Friedmann, 1922):
ds2 = c2dt2   a(t)2  dr2 + r2d
2 : (1.1)
Here, c is the speed of light, t the time, a(t) the time dependent scale factor of the
Universe, r the radius, 
 the two dimensional angle and r the covariant distance
that incorporates the curvature of the Universe. The Hubble can be related to the
scale factor as H(t)  _aa .
Light emitted by a source which is moving relative to the observer is shifted
in frequency. As the Universe is expanding, the observed wavelength is redshifted,
z = obs emem , where z is the redshift, em is the emitted wavelength and obs the
observed wavelength. The metric relates the time- to the space dependence. One




we observe the Universe at the present day, the scale factor aobs = a0 = 1 is often
set to one by convention. With this, we can relate the redshift to the scale factor
a = 11+z . Since the redshift is a monotonically decreasing function of time, it is
often used as a measure for time that has passed since the Big Bang.
From Einstein’s ﬁeld equations, the Friedmann equations can be derived. They























Here, G is the gravitational constant,  and p are the density and pressure ﬁelds,
and  is the cosmological constant. The density  is the sum of its contribution
from radiation and matter,  = m + r.
The diﬀerent components, radiation, matter and the cosmological constant, have
diﬀerent equations of state p = p() that relate their pressure to their density. For
non-relativistic matter, pm = 0, while for radiation or relativistic matter, pr =
c2
3 r. For the cosmological constant, p =  c2. The components therefore evolve
diﬀerently with redshift: m(z) = m;0(1 + z)3, r(z) = r;0(1 + z)4, (z) = ;0.
The subscript 0 denotes present day, and the convention is a0 = 1.







1.2. FROM RECOMBINATION TO REIONIZATION - A SHORT STORY ABOUT THE
DARK AGES OF THE UNIVERSE
can be used to abbreviate the 1st Friedmann equation. We can introduce the di-
mensionless quantities 












Modern measurements of the cosmic microwave background ﬁnd that the cur-
vature k is approximately zero and hence the Universe is ﬂat (Planck Collaboration
et al., 2013),

K = 1  
r;0   
m;0   
  0: (1.6)






We can divide the time evolution into three sections: radiation domination,
matter domination and the domination of the cosmological constant . At early
times, radiation dominates. Matter-radiation equality takes place when 
r(zrm) =

m(zrm). This transition happens at redshift zrm  5900, long before the cosmic
microwave background (CMB) emerges. The contribution from the cosmological
constant starts to dominate at 
m(zm) = 
(zm), with the corresponding redshift
of matter- equality zm  0:4.
1.2 From Recombination to Reionization - a short story about
the Dark Ages of the Universe
Figure 1.2.1 illustrates the history of the Universe schematically. After the Big
Bang, the Universe expanded exponentially, in the so-called inﬂation period. During
that time, the ﬁrst ﬂuctuations form and get ampliﬁed. As the Universe expands
and cools, particles start forming, producing the elements responsible for most of
today’s structure: hydrogen, deuterium, helium and free electrons as well as traces
of lithium.
The Universe continues to cool as it expands further, allowing ﬁrst ionized helium
and later ionized hydrogen to recombine to their neutral states. The photons are
strongly coupled to all baryonic matter until the moment of last scattering which
emerges as the CMB at a redshift of z  1100.
After recombination, the Universe is neutral and dark. No light source is avail-
able, the only structures are small ﬂuctuations in density and the velocity ﬁeld. This
period is called the “Dark Ages”.
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Figure 1.2.1: Sketch of the history of the Universe. Image credit: ESA - Christophe Carreau.
The tiny density ﬂuctuations, however, grow. First, collapse proceeds along
sheets, that then continue to form ﬁlaments and later haloes. The smallest objects
form ﬁrst, leading to hierarchical growth of all structures.
The ﬁrst stars form in so-called minihaloes. Depending on their mass and rota-
tion, they end their lives as black holes or as (superluminous) supernovae. These
supernovae can spread metals to the host halo or even further, giving rise to the next
generation of stars, Pop II stars. The minihaloes accrete mass and merge, leading
to the formation of the ﬁrst galaxies.
More and more radiation sources emerge, including quasars and binaries that
emit X-rays, helping to reionize the Universe. The Universe we observe today is
mostly ionized and a big open question is when this transition occurs and how
smooth it is. The number of ionizing photons per baryon required depends on
many factors like the ionizing escape fraction from minihaloes and ﬁrst galaxies,
the average binary fraction and the clumpiness of the interstellar medium and is
the subject of many large-scale simulations. The redshift of this transition is still
under debate. Lower limits are given by the Gunn-Peterson through at z & 6
(Becker et al., 2001), upper limits by the latest Planck results of z . 10 (Planck
5
6 1.3. STRUCTURE FORMATION
Figure 1.3.1: CMB measured by Planck. Image credit: ESA and the Planck Collaboration.
Collaboration et al., 2016a). This transition ends the Dark Ages.
1.3 Structure Formation
In this section, we will take a closer look at how the structures formed and evolved.
We start with discussing the density and baryon-dark matter oﬀset velocities emerg-
ing from the CMB, followed by a simple standard model for halo growth.
1.3.1 Initial fluctuations
The cosmic microwave background (CMB) is a almost perfect black-body spectrum
with eﬀective temperature Te = 2:73K, and contains ﬂuctuations at the order of
10 5 (Fixsen et al., 1996). These tiny ﬂuctuations, however, are the sources for all
structure that forms in the Universe.
Before recombination, photons were coupled to the baryons, while dark matter
could stream freely and assemble in the ﬁrst bound structures. Baryons would
fall into the potential wells of the dark matter structures, but when the density
became too large, pressure would take over and lead to repulsion of the baryons. At
recombination, these ﬂuctuations are frozen-in and become visible as temperature
ﬂuctuations in the CMB.
Quantitatively, all these ﬂuctuations can be written as perturbations of the den-
sity and velocity in the continuity equation, the Euler equation and the Poisson
6
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equation. The density ﬂuctuations  are deﬁned with respect to the cosmic mean






vi  ri =  1
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(vi  r)vi =  1
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r2 = 4Gmm (1.10)
(Fialkov, 2014). Here, the subscript i can be b for the baryonic and c for the cold
dark matter component. (Note: the 3rd term of the right hand side of the Euler
equation only applies to baryons, and the Kronecker delta ib is zero for i = c and


















In 2010, Tseliakhovich and Hirata (2010) re-evaluated a 2nd order eﬀect and
found it to make signiﬁcant contributions: the oﬀset between baryon- and dark
matter velocity, vbc = vb   vc, the so-called streaming velocities. Before recom-
bination, photons were coupled to the baryons, while dark matter particles could
stream freely and start to accumulate in larger overdensities. The baryons were
gravitationally attracted to the centers of the dark matter potential, and therefore
streaming in, but subsequently the pressure grew and they were pushed outwards.
This resulted in a relative velocity of the baryons with respect to the dark matter.
Figure 1.3.2 from Tseliakhovich and Hirata (2010) shows the variance of the
streaming velocities per mode k that is an inverse measure for angular distances
on the sky. The streaming velocities are coherent on larger scales than the density
ﬂuctuations, with a coherence length of  3 cMpc, where c stands for comoving
(Fialkov, 2014).














The root mean squared value rms of the distribution has the initial value of rms 
30 km s 1 at recombination, which is highly supersonic at that time (Tseliakhovich
and Hirata, 2010). The velocity decays as (1 + z) as the Universe is expanding and
7
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Figure 1.3.2: Variance of the relative streaming velocity per ln k, 2vbc, as a function of k.
Image credit: Figure 1 of Tseliakhovich and Hirata (2010).
reaches values of rms  6 km s 1 at redshift z = 200 and rms  3 km s 1 at redshift
z = 100.
In Figure 1.3.3 taken from Fialkov et al. (2013), we see results from a large-scale
numerical simulation with a box size of (384 cMpc)3 and a resolution of 3 cMpc that
was evolved down to redshift z = 20. Colours show the velocity deviation (on the
left panel) in units of the standard deviation rms or the density ﬂuctuations with
respect to the cosmic mean (on the right panel).
We can see that the majority of the volume actually does have a non-zero stream-
ing velocity, since the Figure has only small regions that are coloured dark blue,
corresponding to a streaming velocity of zero. Simulations that target a representa-
tive volume of the Universe should therefore better be run with a small streaming
velocity. When comparing the left and the right panel, we notice that the structure
of the density is much ﬁner and the structure of the velocity coarser. We can thus
see that the streaming velocities are indeed coherent over larger scales.
1.3.2 The Jeans mass
The Jeans mass gives a simple estimate for the mass needed for an object to collapse
due to its own gravitational force. If the free-fall time, t  (G) 1, is larger than
the sound crossing time tsound  R=cs, gravity dominates over pressure and the halo
can undergo gravitational collapse. Here,  is the density, cs is the sound speed and
R is the diameter of the object.
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Figure 1.3.3: Large-scale density and velocity ﬂuctuations in units of rms at redshift z = 20,
smoothed over 3Mpc. Image credit: Figure 5 of Fialkov et al. (2013).






In objects that are larger than J, gravity dominates over the pressure and pressure
cannot halt the collapse.
The corresponding Jeans mass can be derived to be, assuming a sphere with










Objects exceeding the Jeans mass will undergo gravitational collapse. As in Equa-
tion 1.13, the Jeans mass only represents the forces the gas experiences due to
pressure and gravity and neglects eﬀects like rotation, magnetic ﬁelds or streaming
velocities.
The Jeans mass depends on the sound speed of the gas. Assuming an ideal gas,
T / c2sound. Before redshift z & 100, the baryonic temperature was coupled to the
radiation through Compton scattering, leading to Tb / T / (1 + z).
Later, as the density drops, the coupling becomes ineﬃcient and the temperature
of the baryons evolves adiabatically, Tb /  1, where  = 5=3 is the adiabatic index
for monoatomic gas. As the density of the Universe scales with  / (1 + z)3, this
leads to a temperature dependence of Tb / (1 + z)2. Using linear perturbation
theory in Equation 1.9, the Jeans mass can be derived directly.
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In the high-redshift regime, the Jeans mass








is independent of redshift. When the gas expands adiabatically,
















there is a strong redshift dependence (Barkana and Loeb, 2001).
This analytic, one dimensional estimate gives an ﬁrst approximation of the for-
mation of structures in the early Universe. For more detailed calculations, we need
to take many non-linear eﬀects into account, such as hydrodynamics and a reaction
network for primordial chemistry. For these calculations, we have to rely on sim-
ulations that treat these accurately. In the next section, I will sum up the most
important chemical processes that concern heating, cooling and ultimately star for-
mation in a metal-free Universe.
1.4 Primordial chemistry
The gas composition of the early Universe is primordial, with the majority of mass
in hydrogen (75%) and helium (25%). The only other elements with fractional
abundances of more than 10 12 (Alizadeh and Hirata, 2011), are deuterium (D)
with D=H = 2:510 5 and lithium (Li) with Li=H = 510 10 (Cyburt et al., 2008).
After recombination, a small amount of H and D is ionized, with H+=H = 2:510 3
(Wong et al., 2008) and D+=D ' H+=H.
Heavier elements such as carbon or oxygen that play an important role in present
day star formation theory do not exist yet as they ﬁrst have to be bred in stars and
supernovae. Therefore, many of the cooling and molecule formation processes that
are important nowadays are not present in the primordial Universe.
In the previous section, we have discussed an analytical formalism that describes
the early collapse stage of the ﬁrst objects that form in the primordial Universe, mini-
haloes and ﬁrst galaxies. To understand their inner structure and their properties,
we need to study the cooling processes that enable higher densities and complex
structures.
In Figure 1.4.1, we see the cooling curve for a number density of n = 0:045 cm 3,
which is typical for the early-collapse state of a minihalo. At temperatures above
10
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Figure 1.4.1: Cooling rates as a function of temperature for hydrogen and helium (solid line)
and molecular hydrogen (dashed line). Image credit: Figure 12 of Barkana and Loeb (2001).
T > 8000K, cooling can proceed eﬃciently via atomic hydrogen and helium. At
lower temperatures, the lowest accessible hydrogen line from the ground state,
Lyman-, cannot be excited, leading to a sharp drop in the cooling function due
to neutral hydrogen. In this temperature regime, cooling from molecular hydrogen
(H2) dominates. Since H2 lacks a dipole moment, transitions from the ﬁrst to the
zeroth rotational level (J = 1 ! 0) are strongly forbidden. The lowest accessible
transition is from the second to the zeroth rotational state (J = 2! 0), which cor-
responds to a transition energy of E20=k  512K. Due to the tail of the Maxwellian
velocity distribution, this enables cooling down to temperatures of about 150-200K.
Since molecular hydrogen plays a crucial role in cooling haloes to low tempera-
tures, it is important to understand its formation and destruction processes. These
reactions depend on density and temperature. In the following, I will sum up the
important processes following the collapse of a halo, from low to high densities.
H2 lacks a dipole moment, thus its direct formation is strictly forbidden and
occurs at negligible rate (Gould and Salpeter, 1963). At low densities, it forms
through two diﬀerent formation channels. The H  channel usually dominates:
H+ e   ! H  + h (1.17)
H  +H  ! H2 + e  (1.18)
11
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However, some H2 can also form via the H+ channel:
H+H+  ! H+2 + h (1.19)
H+2 +H  ! H2 +H+; (1.20)
where the h stands for photons that are released in the course of this reaction.
In both cases, the rate equation is determined by the ﬁrst part of the reaction,
the radiative association to form H  or H+2 , while the formation of H2 then follows
rapidly. The free electron e  or proton H+ acts as a catalyst.
Mutual neutralization, that would destroy the constituent of the molecular hy-
drogen formation channel,
H  +H+  ! H+H; (1.21)
is only important in regions with a high ionization fraction of a few percent (Glover,
2005), x = nH+=nH  0:03. This can be reached in regions, in which all hydrogen
has been ionized by radiation that is e.g. coming from are star. In the intergalactic
medium, however, the mean ionization fraction is more than two orders of mag-
nitude lower, x  2  10 4 (Schleicher et al., 2008) and mutual neutralization is
not important. We can conclude that in regions of ﬁrst star formation, mutual
neutralization plays a minor role compared to H2 formation.
For cooling below 200 K, hydrogen deuteride (HD) becomes eﬃcient. Other
molecules that could in principle contribute to the cooling of minihaloes have been
found to be unimportant such as LiH (Mizusawa et al., 2005) or H+2 and H+3 (Glover
and Savin, 2009). HD formation proceeds exothermically by converting H2 into HD:
H2 +D
+  ! HD+H+ (1.22)
HD cooling becomes important when the gas is already quite cold, with tem-
peratures around T  150K (Glover and Abel, 2008). At these temperatures, HD
produced by reaction 1.22 cannot easily be converted back to H2 by the inverse reac-
tion owing to its endothermicity. Consequently, the HD/H2 ratio can become much
larger than the ratio of elemental D to elemental H. Unlike H2, HD has a weak dipole
moment, and thus the transition between the ﬁrst excited state and the ground state
is possible. Due to the larger mass of HD compared to H2, the rotational energy lev-
els of HD are lower, resulting in a transition energy of EHD10 =k = 128K. In practice,
HD cooling has been found to be important only in minihaloes that are strongly
shocked or cooling from an initially ionized state, or ones in which the gravitational
12
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collapse of the gas is unusually slow (Bromm et al., 2002; Johnson and Bromm,
2006).
At densities of ncrit  104 cm 3, the formation of H2 becomes ineﬀective. On
the one hand, above this critical density, the rotational and vibrational levels of H2
reach their local thermal equilibrium values. This results in a linear dependence of
the cooling rate on the density and therefore a density-independent H2 cooling time.
On the other hand, the free-fall time still decreases with increasing density. Overall,
cooling by H2 becomes less important when the critical density of n  104 cm 3 is
exceeded.
At even higher densities, of around n > 108 cm 3, three-body interactions be-
come important and H2 can form via
H+H+H  ! H2 +H (1.23)
and
H+H+H+H  ! H2 +H2 (1.24)
(Palla et al., 1983). When these densities are reached, the gas has passed the point
of no return. These reactions can turn all neutral hydrogen into molecular hydrogen
and enable star formation. We do not look into the details of the further evolution
of the gas in this thesis and therefore end our summary at this point. For more
details, I would like to refer the reader to reviews by Bromm (2013) and Glover
(2013) that describe the evolution of the central gas to even higher densities.
1.5 Population III stars
The dark ages end with the birth of Pop III stars, the ﬁrst compact objects in the
Universe. They form inside minihaloes whose centres collapsed to high densities as
described in the previous section.
For the sites of ﬁrst star formation, one distinguishes between minihaloes and
atomic cooling haloes, both of which are sometimes also referred to as protogalaxies.
Atomic cooling haloes are massive enough that their virial temperature, Tvir, lies
above the atomic cooling threshold of T  8000K. Minihaloes are less massive, and
they can only be cooled by molecular hydrogen.
The relation between the mass of a halo and its temperature can be derived
from the virial theorem W =  2K, where W is the potential energy and K is the
thermal energy of the halo. The overdensity of a virialized halo compared to the
13
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Figure 1.5.1: Protostar masses as a function of time. Image credit: left panel taken from
Figure 10 of Greif et al. (2012), right panel taken from Figure 13a from Stacy et al. (2016).
critical density in an Einstein-de Sitter Universe can be derived to be c  200.
With this, the virial radius Rvir and subsequently the virial temperature can be























where  is the mean molecular weight (  0:6 for ionized gas and   1:2 for
neutral atomic gas, Barkana and Loeb, 2001).
The ﬁrst star ever to be born is estimated to form in the rarest high-density
peak in the early Universe at a redshift of about z  65 (Fialkov et al., 2012).
The majority of Pop III star formation happens later, at redshifts z  30 (see e.g.
Machacek et al. 2001; Yoshida et al. 2003; Hirano et al. 2015, Schauer et al. in
prep.).
The mass of these ﬁrst stars in highly uncertain. Early simulations show that a
signiﬁcant fraction of the mass in a central clump of  104M can collapse to form
a massive  100M Pop III star (Abel et al., 2002; Bromm et al., 2002). These
simulations, however, were not using a very high resolution and could not resolve
fragmentation of the central accretion disk.
More recent work focuses on the high-resolution inner part of the minihalo that
will collapse into one or several stars, resolving spatial scales of 5% of the solar radius
and densities up to n  1019 cm 3. Such ground-breaking simulations have been
14
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performed by Greif et al. (2012). Instead of relying on sink particles, they resolve
the forming protostars. Unfortunately, these calculations are computationally very
expensive and the study could only span a range of 10 yr. Nevertheless, the results
are very interesting: over the course of the simulated 10 yr, Greif et al. (2012) ﬁnd
a number of protostars forming in a Keplerian disk. About half of these objects
experience strong gravitational torques that redistribute their angular momentum
and enables them to migrate to the centre, to eventually merge with the central
protostar. Even though other protostars also merge, the number of survivors (about
1/3 of the total amount) increases monotonically with time as can be seen in the left
hand panel of Figure 1.5.1. After 10 yr, the mass of the most massive protostar in
each halo approaches  1M. On average, 7 protostars have formed by this point,
although most of these have already merged with the central object. For predicting
the ﬁnal masses of Pop III stars, simulations of these kind would need to run for
several orders of magnitude longer time intervals.
To run simulations of Pop III star formation for longer times, techniques for
limiting the computational cost are required. One popular technique involves the
use of sink particles. When a certain density threshold is crossed, a normal particle
is converted into a sink particle. It accretes nearby particles as long as they are
gravitationally bound to the sink and do not have a large angular momentum with
respect to the sink particle. The mass, angular and linear momentum from the
swallowed particles are added to the sink particle. Sometimes, subgrid physics is
included into the sink particle and it serves as e.g. a radiation source that provides
feedback to the surrounding gas. This method reduces the computational costs,
as it avoids the need to resolve particles beyond the density of the sink particle
creation and therefore puts a limit to the resolution. The disadvantage is that sink
particles cannot resolve hydrodynamics close to the accretion radius and therefore
might artiﬁcially increase / decrease fragmentation. In addition, sink particles might
gain a lot of kinetic energy and could subsequently be expelled from their host halo
due to sink-sink interactions, when in reality gravitational torques might dissipate
that energy.
A recent example of the use of sink particles in simulations of Pop III star
formation can be found in Stacy et al. (2016). They perform zoom-in simulations
similar to the ones of Greif et al. (2012), but introduce sink particles when the
number density exceeds n = 1016 cm 3. Their goal is to start to constrain the
initial mass function for Pop III stars. They run their simulations for 5000 yr. The
total, merging and surviving number of fragments can be seen in the right panel of
15
16 1.5. POPULATION III STARS
Figure 1.5.1. Within the ﬁrst 2000 yr, they ﬁnd the same survival rate of  1=3 as
in Greif et al. (2012). After that time, the number of sinks stays relatively constant
at  40, with  30 having a sub-solar mass and the most massive sink having a
mass of 20M. About one third of the sinks have a velocity exceeding the escape
velocity of the minihalo, allowing them to escape from the centre of the host gas
reservoir. When such a protostar is ejected, it might move to regions of very low
density in which it cannot substantially accrete mass and therefore remains with a
subsolar mass.
In contrast to Greif et al. (2012) and Stacy et al. (2016), in numerical simulations
from Hosokawa et al. (2016), one star forms per minihalo with masses in the range of
10 to 1000M. Hosokawa et al. (2016) perform their simulations on a spherical grid
centred around the high density peak of the halo and run them for 105 yr. The central
cell is a sink cell, and is used as a radiation source of ionizing and photodissociating
feedback. In their work, Hosokawa et al. (2016) also ﬁnd fragmentation, but all
fragments merge with the central protostar. As the number of fragments depends
on the resolution, is it not clear if the radiation feedback is responsible for forming
only one object in the halo or the method or the resolution. Conclusive results can
only be drawn if the subject is revisited with a converged resolution.
Hirano et al. (2014) study the formation of Pop III stars in a sample of 100 mini-
haloes, the largest sample considered to date. They ﬁnd only one star per minihalo
with masses ranging from 10 to 2000M after a simulation runtime of  105 yr.
However, as their simulations are performed in 2D, fragmentation is suppressed and
these masses may instead only represent the mass of the most massive star forming
in each halo (Stacy et al., 2016).
We can conclude that the initial mass function of the ﬁrst stars or even the
typical mass of a Pop III star is very diﬃcult to predict and highly dependent on
the method employed. Simulating the inner regions of star-forming objects with
extremely high resolution is one pathway to better understand the early Universe.
Interesting results can also be found by focusing on the larger scales and studying
the build up of the host haloes of Pop III stars, minihaloes and atomic cooling haloes.
These larger structures are the building blocks of the Universe we observe today.
The minimum halo mass for Pop III star formation to take place can be estimated
from simulations or by semi-analytic modelling. Glover (2013) derives a critical
temperature of Tcrit  1000K, above which the gas will cool with less than the
Hubble time. With the virial theorem, this translates into a critical mass Mcrit
16
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given by the equation:











The same methodology of comparing the Hubble time with the H2 cooling time
is used by Trenti and Stiavelli (2009). They ﬁnd a lower minimum mass with a
stronger redshift dependence, MtH cool,






Yoshida et al. (2003) determine the minimum halo mass for forming cold gas
clumps to be  5105=hM from a set of cosmological simulations. This minimum
halo mass depends only weakly on redshift. There seems to be light tension between
the semi-analytic estimates and the simulations. It is thus necessary to revisit
the simulations with present day astrophysical codes that allow the minihalo to be
studied with higher resolution and a complex chemical treatment than was possible
one decade ago. This is addressed in Chapter 6.
1.5.1 Lyman-Werner radiation
The key molecule for Pop III star formation is H2. Without its presence, cooling
below T  8000K would not be possible.
Since H2 does not have a dipole moment, it is diﬃcult to destroy. Processes like
direct excitation of the vibrational ground state and photoionization or excitation
to the vibrational continuum of an excited state are strongly forbidden or proceed
at energies exceeding 13.6 eV and can thus only take place in HII regions (Glover
and Brand, 2001).
The main pathway to the destruction of molecular hydrogen is the two-step
photodissociation process (the Solomon process) (Stecher and Williams, 1967a):
H2 +   ! H2  ! H+H: (1.29)
In the ﬁrst step, photons in the Lyman or Werner lines excite molecular hydro-
gen to the 2nd or 3rd electronic state. From there, about 15% of the molecules
decay to the vibrational continuum and are dissociated (Field et al., 1966; Stecher
and Williams, 1967b). There are 76 Lyman-Werner (LW) bands between 11.2 and
13.6 eV. Radiation in this range is referred to as LW radiation.
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When molecular hydrogen is destroyed, the gas can only cool via atomic hydrogen
emission and therefore stays at high temperatures. This can inﬂuence the process
of ﬁrst star formation, or, as will be described in the next section, support the
formation of supermassive black holes.
With energies below the ionisation limit of atomic hydrogen, LW radiation can
travel large distances in the primordial Universe and a global LWBG can build up.
However, if the column densities are large, molecular and neutral hydrogen can
shield LW radiation. Pop III formation therefore becomes an multi-scale, multi-
physics problem.
In a ﬁrst step, one needs to know how many LW photons from stellar sources
are available to form the LWBG. In Chapter 3, I present the results from a series of
one dimensional simulations with the code ZEUS-MP to determine the LW escape
fraction of Pop III stars from minihaloes. I ﬁnd that this escape fraction can be
very low for stars in the lower mass regime, 9  40M or in our most massive halo
with 2107M. I furthermore ﬁnd that in this massive object, shielding by neutral
hydrogen plays a role and cannot be neglected.
These LW escape fractions are important to determine the build-up of the LWBG
in unresolved large-scale simulations or in semi-analytic modelling. For example, the
results from this Chapter have been used in a meger-tree code used to determine
Pop III supernovae rates (Magg et al., 2016).
In a follow-up study, presented in Chapter 4, I have investigated the LW es-
cape fractions of time-dependent stellar populations. Here, the escape fractions are
generally close to 100% except for extreme initial mass functions and a very low
star formation eﬃciency. If future simulations show that the Pop III star formation
eﬃciency is very low, it will be necessary to revisit the calculations for the global
LWBG and incorporate the escape fractions derived in this chapter.
Haiman et al. (2000) perform semi-analytical modelling to determine the global
shape of the LWBG without considering the LW escape fractions from the sources.
The eﬀect of absorption of LW radiation in the intergalactic medium by H2 is small
(see also Glover and Brand, 2001). When LW radiation redshifts into the Lyman-
lines of neutral hydrogen, it is absorbed. The Lyman-lines of Lyman  and higher
lie in the LW range. Neutral hydrogen is the predominant constituent of the early
Universe, and when radiation redhsifts in one of these lines, it is completely ab-
sorbed. As a result, the global shape of the LWBG looks like a sawtooth. Haiman
et al. (2000) furthermore ﬁnd that the eﬀect of the LWBG on minihaloes is large
and can suppress H2 cooling completely.
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Machacek et al. (2001) perform a set of cosmological simulations, studying proto-
galaxies in the mass range of 105   107M. Their simulations contain a primordial
chemistry network, but neglect H2 self-shielding. The minimum halo masses is
shifted to higher values in the presence of a LWBG:






where FLW is given in erg s 1 cm 2Hz 1. (Note that FLW = JLW  4 is the LW
ﬂux and not the LW intensity that we use elsewhere in this thesis.)
Wise and Abel (2007) and O’Shea and Norman (2008) follow up on this study,
and consider LWBGs with a larger range of strengths. Both studies agree that
even with the highest considered LWBG, H2 cooling can lead to star formation in
minihaloes below the atomic cooling limit, but that a LWBG shifts the minimum
halo mass to larger values. However, both studies again neglect self-shielding and it
is debatable whether the absolute numbers they derive will remain unchanged when
self-shielding is properly accounted for.
Safranek-Shrader et al. (2012b) studied the eﬀects of a very strong LWBG with
a strength J = 100 J21 . Unlike previous studies, they include self-shielding and are
furthermore able to follow the collapsing halo to very high densities, inserting sink
particles above n > 108 cm 3. However, their LWBG is unusually strong, delaying
the collapse of the ﬁrst object in a 1 cMpc3 box to redshift z  12 with a mass of
Mhalo = 3107M. This study therefore can be regarded as prototype for the very
late evolution of a fraction of the Universe and not for the standard minihalo.
In the future, we plan to run cosmological simulations with diﬀerent LWBGs,
targeting a large sample of minihaloes. With high resolution and incorporated H2
self-shielding, we want to ﬁnd the oﬀset in halo mass and redshift for an average
minihalo. The details of this project are elaborated on in Chapter 7.
1.5.2 Streaming velocities
In parts of the Universe that are exposed to a high streaming velocity, an addi-
tional pressure term is added to the baryons. The eﬀect on the resulting structure
formation is largest on scales similar to the mode associated with the Jeans length,
k  200 cMpc 1, lowering the power spectrum by 15% (Tseliakhovich and Hirata,
2010; Fialkov, 2014) in that regime. Semi-analytic modelling and ﬁrst simulations
show that the baryon fraction in haloes in these regions are therefore lower and the
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Figure 1.5.2: Halo mass as a function of redshift at collapse. The lower symbols show the
three haloes in initial conditions without streaming velocity, the upper symbols with 1rms
streaming velocity. Image credit: Figure 3 of Greif et al. (2011b).
halo mass function decreases (Tseliakhovich and Hirata, 2010; Tseliakhovich et al.,
2011).
The formation time of the ﬁrst star is also delayed because of the systematically
lower halo mass function for streaming velocity regions. In a universe without
streaming velocities, the ﬁrst star would probably form at redshift z  70 instead
of at redshift z  65 (Fialkov et al., 2012).
Greif et al. (2011b) studied the ﬁrst collapsing halo in three diﬀerent cosmological
boxes each with and without a streaming velocity of 1rms. Figure 1.5.2 sums up
their two main results: on the one hand, the halo mass of the collapsed object
increases by a factor of about 3, on the other hand the collapse is delayed by z  4
(Greif et al., 2011b).
Stacy et al. (2011) also perform simulations targeting the diﬀerence of star forma-
tion in regions with and without streaming velocities. They do not ﬁnd a substantial
diﬀerence in formation redshift or halo mass for their 1rms streaming simulation
compared to a run without streaming. For their > 3rms streaming simulation, the
collapse time is delayed by a few 108 yr and the halo mass increases by a factor of
about  10.
Fialkov et al. (2012) perform semi-analytic modelling based on the simulations
of Greif et al. (2011b) and Stacy et al. (2011). They deﬁne a ﬁtting formula for
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the required circular velocity above which the halo can undergo cooling and term it
vcool. It takes into account streaming velocities and adds them in a quadratic way
to the circular velocity of the halo to enable a smooth transition,
vcool =

(3:17 km s 1)2 + (4:015 vbc)2
1=2
; (1.31)
where the ﬁrst term corresponds to ﬁts for the circular velocity without stream-
ing velocity and the second term takes into account the relative motion between
baryons and dark matter, vbc. This formula ﬁts both simulations from Greif et al.
(2011b) and Stacy et al. (2011) well, and Fialkov et al. (2012) suggest the apparent
discrepancy might result from diﬀerent numerical resolutions, diﬀerent numerical
algorithms or cosmic scatter.
Naoz et al. (2012, 2013) simulate cosmological volumes with high resolution and
study many objects within. As predicted by Tseliakhovich et al. (2011), they ﬁnd
lower baryon fractions in haloes in regions of higher streaming velocities, lowering
the halo mass function. They also ﬁnd that the gas fraction in haloes in non-zero
streaming velocity regions is reduced, reaching values below half the cosmic mean for
high streaming velocity regions. However, they lack a treatment of the primordial
chemistry that is necessary to infer star formation properties.
We are still lacking an understanding of how the average minihalo is inﬂuenced
by streaming velocities when taking the relevant chemical reactions into account.
To close this gap, we ran cosmological simulations using the code arepo with an
accurate treatment of primordial chemistry. We include simulations with 0, 1, 2
and 3rms streaming velocity. As expected, we ﬁnd an increase in the halo mass
required for the formation of cold, dense gas. However, we do not ﬁnd a direct
redshift dependence. This project is in preparation for publication and is described
in Chapter 6.
1.5.3 X-rays
X-rays may counterbalance the photodissociating eﬀect of LW radiation: they pro-
duce many free electrons. Molecular hydrogen forms indirectly via the H  or H+2
channels and depends on the amount of free electrons (or protons, in the case of the
H+2 channel), available as these act as catalysts for H2 formation. X-rays can there-
fore increase the amount of molecular hydrogen formed within a minihalo (Haiman
et al., 2000; Oh, 2001). In addition, their mean free path is large and they can travel
great distances, reaching minihaloes far from the source and triggering H2 formation
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there.
X-rays in the early Universe can originate from quasars or star formation. High
mass X-ray binaries consist of one massive star and a compact companion, a neutron
star or a stellar mass black hole. X-rays are emitted during a short time interval
after the formation of the compact object by accretion of material from the massive
star onto the compact companion.
Present-day starburst galaxies have a clear relation between X-ray and infrared
luminosity, hinting at a linear relation to the star formation rate in starbursts
(Helfand and Moran, 2001; Glover and Brand, 2003). Another source for X-rays
comes from supernovae and photons that experience inverse Compton scattering or
originate from bremsstrahlung.
Glover and Brand (2003) show that X-rays from X-ray binaries are strong enough
to partially oﬀset the LWBG-induced eﬀects in larger protogalaxies with Tvir >
1000K. However, the initial mass function and the binary fraction of Pop III stars
are still unknown, leading to large uncertainties in the model. The results for small
protogalaxies are more conclusive: for Tvir < 1000K, none of the considered X-ray
backgrounds are able to counterbalance the LWBG. The X-ray background also
leads to an increase of the temperature of the intergalactic medium by  100K,
which might result in suppression of the smallest scales of structure formation.
Machacek et al. (2003) repeated their study published as Machacek et al. (2001)
under the consideration of a soft X-ray background that could originate from quasars
or very massive stars. They ﬁnd that the halo mass necessary for eﬃcient cooling
decreases and the redshift increases, but that both eﬀects are rather mild. In agree-
ment with Glover and Brand (2003), they ﬁnd X-rays of any strength ineﬃcient to
counterbalance the LWBG in small protogalaxies of Mvir < 106M (equivalent to
Tvir  1000K from Glover and Brand (2003) at these redshifts).
In a more recent study, Ricotti (2016) investigates which of the stellar sources
plays the major role in promoting H2 formation and Pop III star formation. He
ﬁnds that super- and hypernovae play the dominant role in providing X-rays. He
furthermore studies the eﬀect of heating the intergalactic medium and subsequent
structure formation suppression. A too large X-ray background would increase the
Jeans mass for structure formation, and a too low X-ray background is not enough
to counterbalance photodissociation of H2. When the energy emitted by X-rays
is 1% of the mean LWBG energy emitted by UV photons, the number of Pop III
stars reaches its maximum of a number density of about 400 cMpc 3. This number
is comparable to the energy ratios of 20-40M stars that explode as hypernovae.
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Since current simulations are consistent with Pop III stars in this mass regime, this
maximum Pop III star density could well be reached.
1.6 Supermassive black holes
The other type of object that forms during the ﬁrst billion years of the Universe
are black holes. Very luminous quasars have been observed at high redshift, e.g. a
quasar with bolometric luminosity of 6  1013 L at redshift z = 7:1 by Mortlock
et al. (2011) or a quasar with bolometric luminosity of 41014 L at redshift z = 6:30
by Wu et al. (2015). The corresponding black hole masses can be estimated from
the width of the magnesium II line (McLure and Dunlop, 2004; Vestergaard and
Osmer, 2009) and are M = 2  109M and M = 1:2  1010M, respectively. To
put these numbers in perspective, we can compare them to local galaxies at the
present day. The central black hole of our Milky Way is three orders of magnitude
less massive, MBH;MW  4:3  106M(Gillessen et al., 2009) and the black hole of
the giant elliptical galaxy M87 at the centre of the Virgo cluster is just in a similar
mass range as the high redshift quasars with MBH;M87  6:6  109M(Gebhardt
et al., 2011).
These luminous quasars are not only fascinating objects by themselves, but also
very rare. The observed number density of high-redshift quasars at redshift z = 6
is about 1cGpc 3 (Fan et al., 2006). There needs to be a pathway to form these
objects, but only very rarely We therefore need to explain how these very massive
objects have formed during the ﬁrst billion years of the Universe and why they are
so rare. Two possible pathways have been suggested that will be discussed in the
subsequent sections.
1.6.1 Black holes from stellar seeds
One possibility is that these supermassive black holes observed at redshift z  6  7
originate from remnants of Pop III stars. Models suggest that Pop III stars with
masses in the range of 25M< M < 140M do not explode as supernovae, but
undergo collapse to a black hole directly (Heger and Woosley, 2002), leaving behind
a black hole of the order of 100M. If these stellar remnants accreted a lot of gas
between their formation at redshift z  15 25 and their detection at redshift z  6,
they could be the seeds for the observed supermassive black holes at high redshift.
One limit to their growth is given by the Eddington luminosity, where the out-
wards pointing force exerted by radiation balances the inwards pointing gravitational
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After inserting all constants such as the proton mass mp, the speed of light c and
the electron cross section of Thomson scattering of a photon T, one obtains an










The luminosity L is related to the mass accretion rate _M via:
L =  _Mc2; (1.34)
where  is the radiative eﬃciency of accreting gas onto the black hole. The standard
value for the radiative eﬃciency is   0:1 for a non-rotating black hole. If we
assume accretion at the Eddington limit, the maximum mass accretion rate can be
directly related to the black hole mass, as the black hole accretion rate equals the







The mass of the black holeMBH(t) grows exponentially in time. When accreting










Here, tEdd = 0:45  109 yr is the e-folding time of the Eddington accretion (see
e.g. Volonteri, 2010). The time for a black hole to grow from 100M to 109M or
to 1010M when accreting at Eddington rate is  0:8  109 yr or  0:9  109 yr,
respectively.
At redshift z = 6, the Universe is only  0:93  109 yr old. The central black
hole would need to accrete at Eddington rate for the lifetime of the Universe to
arrive at these masses. This is very unlikely, as the progenitor Pop III star will have
ﬁrst formed an HII region around itself, and the resulting gas heating is suﬃcient
to drive most of the gas out of the host minihaloes (Whalen et al., 2004; Johnson
and Bromm, 2007). The BH seed is therefore cut oﬀ from its fuel supply.
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Figure 1.6.1: Direct collapse black hole formation with synchronized halo pairs.
1.6.2 Direct collapse black holes
A second pathway to supermassive black holes is given by the so-called direct col-
lapse black hole (DCBH) scenario that can be achieved by the synchronized halo
mechanism (see e.g. Dijkstra et al., 2008; Agarwal et al., 2012, 2014; Regan et al.,
2016a). The underlying idea is quite simple and illustrated in Figure 1.6.1: Two
haloes, Halo A and Halo B, with masses just above the atomic cooling limit have a
small separation Rsync. Halo A collapses ﬁrst and forms many Pop III stars, which
emit a large LW ﬂux. The amount of LW radiation is large enough to destroy H2 in
the centre of Halo B. Therefore, Halo B cannot cool via molecular hydrogen, its core
cannot fragment and form stars. If the timing is right, Halo B quickly collapses to
a supermassive star that will subsequently collapse to a 104 6M black hole seed
(Haehnelt and Rees, 1993; Oh and Haiman, 2002). For this model to work, the time
between the collapse of Halo A and Halo B, tsync, needs to be less than the time
that metals ejected from stars and supernovae in Halo A take to reach Halo B and
Halo B needs to be completely primordial. Calculations show that Haloes A and B
need to be well synchronized in time and space with tsync tyically a few kyr to Myr
and Rsync on the order of 200-500 kpc (Regan et al., 2017).
To destroy the molecular hydrogen core in Halo B completely, a large ﬂux of LW
radiation of J  103 J21 is required (Latif et al., 2014b; Regan et al., 2016a) for a
105K black body spectrum (The value for J depends on the spectral shape, see e.g.
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Agarwal and Khochfar 2015; Agarwal et al. 2016; Wolcott-Green et al. 2017). This
ﬂux is orders of magnitude larger than the estimated LWBG (values for the LWBG
range from 0.01J21 to 1 J21 , see e.g. Johnson et al. 2008; Hartwig et al. 2015a)
and can only be reached in the vicinity of a strong LW source. This is why Halo A
is required.
The number density of synchronized halo pairs is small. Visbal et al. (2014b)
ﬁnd 2 pairs in their simulation volume of  1:7 104 cMpc3. But unlike black holes
from stellar seeds, they are robust to eﬀects like photoevaporation or tidal disruption
(Visbal et al., 2014b).
A further complication arises from the fact that minihaloes of lower mass start
to form stars before the star-forming halo of the synchronized halo pair does. In
the minihalo, the ﬁrst Pop III stars can explode as supernovae and spread metals
that can pollute the synchronized pair. Due to the hierarchical nature of structure
formation, the more massive atomic cooling haloes, Haloes A and B, form later.
Therefore, in order to circumvent the metal enrichment of the region of interest,
star formation in minihaloes in this region needs to be suppressed. This can be
achieved if the region is illuminated by a LWBG with J  100 J21 that is able
to suppress Pop III star formation in minihaloes completely (Regan et al., 2017).
However, while this radiation background is not as extreme as the one required to
suppress H2 cooling in atomic cooling haloes, it is still much high than the typical
global LWBG.
Another pathway to DCBH formation might exist in regions of the Universe with
a high streaming velocity. As a part of this thesis, we (Schauer et al., 2017b) have
recently shown that in a region of the Universe with 3rms streaming velocity, no halo
below the atomic cooling limit (corresponding to a virial temperature of  8000K)
reaches high densities in its centre and can thus form stars. The high streaming
velocity value of 3rms or higher is only present in a volume fraction of 5:9  10 6
of the Universe. Combined with an estimate to ﬁnd two synchronized halo pairs in
a volume of  1:7 104 cMpc3 (Visbal et al., 2014b), we obtain a number density of
0:7 cGpc 3. Our theoretical prediction matches the observed quasar number density
of 1 cGpc 3 almost perfectly (Fan, 2006). These results are presented in Chapter 5.
This is an excellent example of why it is important to study the combination of
diﬀerent non-linear eﬀects in the early Universe. I will provide an outlook at the
end of this thesis on how we plan to elaborate on this topic of combined LWBG and
streaming velocities further.
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1.7 Observational prospects
The astronomical community is awaiting the launch of the James Webb Space Tele-
scope (JWST) in 2018, which will be able to observe much fainter objects. However,
even with JWST, the detection of a single or a small cluster of Pop III stars will
not be possible (Greif et al., 2009), not even if these objects are observed through a
gravitational lens that magniﬁes the luminosity of the source (Rydberg et al., 2013).
The science mission for JWST does include understanding the early Universe and
its ﬁrst light sources, but it targets the ﬁrst galaxies instead of the ﬁrst Pop III stars.
One key project suggested for JWST’s Cycle 1 or 2 would target star forming galaxies
at redshift z  14 with stellar masses of M?  2 107M as well as post-starburst
galaxies at redshift z  7 with stellar masses of M?  2109M (Finkelstein et al.,
2015). The suggested plan is expensive in observing time, requesting more than 2000
hours. We might witness this program performed over the ﬁve year mission duration,
taking up 4-8% of the total hours of JWST available. With JWST, however, we will
not observe star forming minihaloes at high redshift.
However, we might be able to indirectly constrain the formation scenarios of
more massive haloes at redshifts as high as z  14 with JWST if our simulations
explain the growth and composition of these structures. If JWST can disentangle
the contributions of the light from diﬀerent stellar populations, we may learn how
many stars form as Pop III, Pop II or even Pop I. These massive, early galaxies
are expected to be rare. Their number density should provide constraints on when
and in which haloes the ﬁrst stars form. In addition, there are a few possibilities to
indirectly measure properties of the ﬁrst stars that we will discuss in the following
subsections.
1.7.1 Stellar archaeology
One possibility to observe Pop III stars is to look for them in the Galactic halo or
satellite galaxies with low metallicity. Stars with masses of 0.8Mand below have
lifetimes longer than the current age of the Universe (see e.g. Kippenhahn et al.,
2012). If such low mass Pop III stars exist, they would be still alive today and could
be observed.
The hunt for metal-poor and metal-free stars is called stellar archaeology. So far,
no metal free star has been found in the Milky Way. With a semi-analytical merger
tree code, Hartwig et al. (2015a) studied the build-up of Milky Way like galaxies
and their Pop III stars. They determine the minimum sample size of a survey in
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halo stars to exclude Pop III survivors. They ﬁnd that if no Pop III star is found
in 4 million stars with masses below 0.8M, their existence can be excluded at the
66.7% level, and that a sample size of 20 million stars is necessary to exclude Pop III
survivors at a 99% level.
Another explanation for the lack of observed metal-free stars could be that metal
enriched material was accreted later onto a Pop III star. Some of the metal-poor
stars show a diﬀerent composition and are strongly carbon enhanced. They have
been proposed to belong to a new class, the so-called carbon enhanced metal poor
(CEMP) stars (Beers and Christlieb, 2005). The fraction of CEMP stars increases
with decreasing metallicity, suggesting that this might be a feature of Pop III stars.
However, the high velocities of the observed metal-poor stars (Frebel et al., 2009)
or stellar winds (Tanaka et al., 2017) might prevent signiﬁcant metal accretion onto
the surface of a Pop III star. We therefore need to continue the search for the truly
metal-free stars in the Milky Way.
1.7.2 21cm observations
Hydrogen is by far the most abundant element in the Universe. The 21 cm line of H
originates from the hyperﬁne splitting of the ground state into a singlet and a triplet
state. The energy diﬀerence of the two levels is E = T?kB = 5:910 6 eV, where
kB is the Boltzmann constant and T?  68mK. Because of the large abundance of
neutral hydrogen at high redshifts, the 21cm line is a good tracer for structures in
the early Universe.
The occupation of the excited state is characterized by the spin temperature,
Ts, that is deﬁned via n1=n0 = (g1=g0) exp ( T?=Ts). Here, ni denotes the number
density and i can take the value of 0 (representing the singlet state) or 1 (representing
the triplet state), g0 and g1 are the degeneracy factors with g1=g0 = 3. We can
observe the spin temperature in emission and absorption relative to the CMB as the
brightness temperature.
As the Universe expands, photons are redshifted by factors of (1+z). Observing
the 21 cm line at diﬀerent redshifts therefore corresponds to observing it at diﬀerent
wavelengths and allows us to construct three dimensional picture of neutral hydrogen
in the early Universe. As a consequence, we can derive fundamental properties of
the early Universe at diﬀerent times.
The measured brightness temperature depends on diﬀerent eﬀects that relate to
the redshift, the ionization fraction, the temperature and density of the gas, and
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the Lyman- ﬂux. As e.g. reviewed by Pritchard and Loeb (2012), at very high
redshifts z & 200, the Universe is very dense and the spin temperature can couple to
the kinetic gas temperature. As the Universe expands, the gas temperature decreases
adiabatically. Ts therefore decreases below TCMB, and the 21 cm line becomes visible
in absorption down to a redshift of z & 40. At lower redshifts, the coupling weakens
due to the decreasing density and the spin temperature instead couples to the CMB,
eliminating signals in the brightness temperature around z . 40.
At later redshifts, the 21 cm signal starts to probe structure and radiation source
formation. Two types of radiation have a strong inﬂuence of the 21 cm signal. On the
one hand, energetic radiation such as X-rays can heat up the intergalactic medium.
On the other hand, Lyman- photons can induce a spin ﬂip in neutral hydrogen and
pump electrons to the triplet state via the so-called Wouthuysen-Field eﬀect. As
a consequence, the spin temperature couples once again to the kinetic temperature
of the gas. Therefore, after redshift z . 30, the spin temperature couples to the
cold gas, allowing the line to be visible in absorption. Later, when the gas is heated
by hard radiation like X-rays, the gas temperature increases and therefore the spin
temperature increases as well. It eventually exceeds the CMB temperature, and the
line becomes visible in emission. Finally, the 21 cm signal will fade as the ionization
fraction of the Universe increases, and we will be able to tell when and how smooth
the process of reionization ﬁnished. With this information, many simulations that
reply on subgrid models will ﬁnally have good constraints for the global parameters
such as the ionization fraction of the Universe as a function of redshift or the times
when Lyman- emission or X-ray heating become important.
Several current experiments are trying to measure the global, sky-averaged 21cm
signal. Unfortunately, the noise (including many man-made radio signals) is several
orders of magnitude larger than the expected signal. One of the radio telescopes
targeting the cosmological 21 cm line is the Precision Array to Probe the Epoch of
Reionization (PAPER) (Parsons et al., 2010). It consists of many simple antennas
located in the USA and South Africa, remote from civilisation and trying to avoid
man-made noise. A second radio telescope, the LOw requency ARray (LOFAR)
(van Haarlem et al., 2013), takes a diﬀerent approach by having many antennas
distributed over many places in Europe, all of them relatively close to cities and well-
accessible. These radio telescopes start giving ﬁrst constraints on the reionization
history, but the signals they detect are still weak and 2 upper limits. The results
are, however, a good tool to better constrain the employed noise models (Ali et al.,
2015; Patil et al., 2017).
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Figure 1.7.1: The spectrum of gravitational waves accessible by diﬀerent instruments. Image
credit: NASA Goddard Space Flight Center.
A future facility, the Square Kilometer Array (SKA), is already under construc-
tion. It will be able to provide spatially resolved maps of neutral hydrogen out to
redshifts of z  28 already with the ﬁrst phase of SKA, SKA1 (Koopmans et al.,
2015). Observations of the 21 cm signal of a single region of clustered Pop III /
Pop II stars at high redshifts (z  13 to z  19) could be possible that would then
allow to determine e.g. the ratio of emitted X-rays to UV photons of the source
(Ahn et al., 2015). With this telescope, we will be able to put constraints on the
evolution and end of the Dark Ages.
1.7.3 Gravitational waves
The recent discovery of the ﬁrst gravitational wave signal GW150914 in Septem-
ber 2015 has opened a new observational opportunity for astronomers. The Ad-
vanced Laser Interferometer Gravitational Wave Observatory (aLIGO) has de-
tected a pair of inspiralling and subsequently merging black holes with masses of
MBH;1 = 36
+5
 4M and MBH;2 = 29+4 4M at redshift z  0:08(Abbott et al., 2016a),
merging to a combined black hole mass of MBH = 62M. Since then, two more
black hole mergers have been detected, with combined masses of 21M(Abbott
et al., 2016b) and 49M(Abbott et al., 2017).
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This topic of gravitational waves is not only very interesting in itself as it allows
us to test general relativity, but it is also related to the early Universe. The observed
gravitational wave GW150914 could originate from the merger of a pair of black
holes from Pop III star remnants, with a probability of  1% (Hartwig et al., 2016).
The expectation to measure a gravitational wave signal from Pop III stars with a
combined mass of M > 300M is about once per decade, if we assume a log-normal
IMF in the mass range from 0.1 to 300M. The centre of a galaxy is the most likely
part to host such a merging black hole pair originating from Pop III seeds (Pacucci
et al., 2017).
The current instrument aLIGO is sensitive to objects of combined masses in the
range 10-1000Mout to a few thousand Mpc. Even more interesting for the high
redshift Universe, another instrument called Laser Interferometer Space Antenna
(LISA) will be able to detect gravitational waves emerging from more massive ob-
jects at very high redshifts (see Figure 1.7.1). LISA is planned to consist of three
spacecraft orbiting the sun with baselines of 5  106 km. It will be sensitive to
104  107M black hole binaries out to redshifts of z = 15 and higher (Baker et al.,
2007).
With this new instrument, we will be able to place constraints on black hole
masses at redshifts that go far beyond current possibilities of observing high-redshift
quasars. This will help us to study the high-redshift structure formation and to
disentangle the formation theory of supermassive black holes.
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The very ﬁrst astrophysical simulation in 1941 did not yet run on a computer, but
instead involved light bulbs (Holmberg, 1941). This ‘simulation’ contained 74 light
bulbs, representing the collision of two ‘nebulae’ (galaxies). At the position of each
light bulb, the incident light from the 73 surrounding candles was determined and
used as a measure of the acceleration that each point experienced.
As in many areas of astronomy, the progress that has been made in less than
a hundred years in stunning. Present day computer simulations are massively par-
ellalised to run on supercomputers, being able to target cosmological simulations
with over a hundred billion particles (as e.g. the Magneticum Pathﬁnder simula-
tions; Bocquet et al. 2016, Dolag et al. in prep.) or highly resolved disk galaxies
originating from cosmological conditions with ten million dark matter particles and
a few million gas cells (the Auriga simulations; Grand et al., 2017).
These advances have been possible not only because of the invention and im-
provement of computers, but also because many well-suited astrophysical simulation
codes have been developed. In general, there a two fundamental types of codes cur-
rently used in hydrodynamical astrophysical simulations: smoothed particle hydro-
dynamics (SPH), which is a Lagrangian method, or Eulerian mesh codes. Famous
and commonly used examples for SPH are e.g. Gadget-2 (Springel and Hernquist,
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2002) or Gasoline (Wadsley et al., 2004), for mesh codes RAMSES, (Teyssier, 2002)
or FLASH (Fryxell et al., 2000).
In SPH, the gas is represented by discrete elements (particles), that are smoothed
over a kernel with a smoothing length. Quantities like density or pressure are not
tied to the particle, but calculated over an ensemble of particles. Single particles
can carry e.g. the velocity and mass information, and also other physical properties
like their chemical composition. Problems arise as SPH can suppress mixing or
ﬂuid instabilities on small scales (see e.g. Marri and White, 2003). It is also
diﬃcult to increase the resolution locally (e.g. by particle splitting techniques), as
this introduces numerical artefacts.
In mesh codes, the gas is distributed over a grid, often in combination with an
adaptive reﬁnement technique that allows smaller grid cells in regions that require
high resolution. Grid codes are usually Eulerian, as in general, the grid does not
move with the ﬂuid. They are much better at resolving small scale mixing and
instabilities. The grid structure, however, can lead to problems, as e.g. galaxies
tend to align with a Cartesian grid in large cosmological simulations or spherical
grids favour infall to their centres.
In this thesis, I make use of two diﬀerent simulation codes: ZEUS-MP and
arepo. I brieﬂy introduce both codes in the following sections.
2.1 ZEUS-MP
ZEUS-MP is an Eulerian grid code (Hayes et al., 2006) that is an updated and
improved version of the ZEUS-2D code developed by Stone and Norman (1992).
We use this code the projects described in Chapters 3 and 4. ZEUS-MP is a ﬁnite
diﬀerence code that solves the equations of hydrodynamics on a structured mesh1.
Quantities such as density, internal energy etc. are determined at cell centres while
velocities are determined at cell edges. The hydrodynamical equations are solved
using a second-order monotonic advection scheme (van Leer, 1977).
ZEUS-MP allows simulations to be carried out in 1D, 2D or 3D, and supports
the use of cylindrical and spherical grids in addition to the usual Cartesian grid. In
the simulations presented in Chapters 3 and 4, we use a 1D spherical grid.
We use a version of ZEUS-MP modiﬁed by (Whalen and Norman, 2006) to model
the propagation of ionizing and photodissociating radiation from point sources using
1ZEUS-MP can also be used to simulate magneto-hydrodynamical ﬂows, but in our simulations
we assume B = 0.
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photon conserving radiative transfer. This version of ZEUS-MP couples the hydro-
dynamical ﬂuid equations to a network of primordial chemistry network. Diﬀerent
boundary conditions can be employed that are treated with ghost-cells outside the
regular grid.
After problem set-up, a potential is calculated to balance the gas and keep it in
hydrostatic equilibrium. This potential does not change in time, as it is assumed
that the lifetime of the problem we are interested in is much shorter than the free-fall
time of the halo. This is indeed true for our set-ups.
After creating the associated initial conditions, the code evolves the ﬂuid dy-
namics equations by splitting them into source terms and advection terms that are
evolved separately. Both the source terms (corresponding to the gradients in the
equations) and the advection terms (corresponding to the divergence terms) are
evolved in three or two sub steps, respectively. After each hydrodynamical step,
baryon and charge conservation are enforced.
A chemical network for nine primordial species, H, H+, He, He+, He2+, H ,
H2, H+2 , e , is included, using the reactions from Anninos et al. (1997). Each of
them is evolved using its own continuity equation. They are assumed to move with
the ﬂow of the gas and share the same velocity ﬁeld. The advection terms are
included in the hydrodynamic cycle, while the reactions are evolved on a separate
step. Heating and cooling rates that lead to changes in the internal energy are
included in the code. It treats reactions like photoionization of neutral hydrogen and
diﬀerent cooling processes such as recombinational, Compton, collisional ionization,
collisional excitation cooling and cooling via H2. A full list of the chemical reactions
and heating and cooling processes included can be found in Whalen and Norman
(2006), and references therein.
Radiation is included by a radiative transfer from a central source in a spherical-
polar geometry. The rates for ionizing photons are sub cycled on a chemical time
step.
Radiation is transported in a photon-conserving way, where the number of pho-
tons exiting a cell per second equals the number of photons entering the cell per
second minus the ionizing rate in that cell. The photons are transported in 120
energy bins, ranging from 0.755 eV (the H  photodissociation energy) to 90 eV (the
extreme ultraviolet). Between 0.755 eV and 13.6 eV (the photoionization energy of
H), energy is transported in 40 linearly spaced bins. Between 13.6 eV and 90 eV, it
is transported in logarithmically spaced bins.
For transporting radiation through the cells, the on-the-spot approximation (Os-
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terbrock, 1989) is employed. The underlying assumption is that case A (sponta-
neous) recombination photons are reabsorbed in a cell before leaving that cell where
the number of ionizations per zone per time is equal to the diﬀerence of the number
of ionizing photons entering to the number of ionizing photons exciting the cell.
Like that, radiative transfer has to be calculated with only one radiation source in
the centre instead of each cell being a new source. This reduces the computational
costs by a lot, since radiative transfer along many lines of sight gets very expen-
sive. Other reactions that are included are case B (stimulated) recombination rates,
photoionization and electron collisional ionization of hydrogen.
In general, photon conservation is employed, except for H2. Instead, the self-
shielding functions from Draine and Bertoldi (1996) are used to account for pho-
todissociation from LW radiation from the central source; He+ and He2+ two photon
emissions can be in this wavelength range, but are neglected as they play only a
minor role.
The chemical time step is sub cycled over the hydrodynamical time step, the
reactions of the species are performed until the hydrodynamical time step is reached.
The hydrodynamical time step is the minimum of the Courant time (the sound
crossing time in the smallest cell) and a tenth of the heating time. The chemical
time step is a tenth of the electron number density over the change in electron
density. If the hydrodynamical time step is smaller than the chemical time step,
the chemistry is not sub-cycled, but both updates are performed on an equal time
step. Therefore, both fast changes in the heating and cooling and chemistry can be
accounted for.
We use ZEUS-MP in spherical symmetry in a one dimensional grid with an in-
ﬂowing boundary condition towards the centre and out ﬂowing boundary conditions
at large radii. Our code version does not include adaptive mesh reﬁnement. This can
cause problems because a thin shell of highly abundant molecular hydrogen builds
up in the outer part of the ionization front that provides as large fraction of the
shielding and is very important for the LW escape fraction calculations (see Chap-
ters 3 and 4). This is especially challenging if the ionization front moves slowly. We
overcome this issue by sampling a 10 pc region around the front with a resolution
of 0.1 pc for the LW escape fractions from ﬁrst galaxies (see Chapter 4). Before the
I-front moves out of this region, we halt the code and resample the region around
the I-front. This process therefore employs an external adaptive mesh reﬁnement.
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2.2 arepo
arepo is a moving mesh code. We use it to run cosmological simulations with
diﬀerent streaming velocities, the projects presented in Chapters 5 and 6. The code
arepo uses a new method that combines the advantages of SPH and adaptive mesh
reﬁnement grid code simulations and is described in detail by Springel (2010). It
evolves dark matter as particles and gas as cells that are allowed to move with the
gas ﬂow.
The gas cells are constructed from mesh-generation points as an unstructured
mesh via Voronoi tessellation that is constructed from a Delaunay triangulation
of these points. This alone gives the advantage that structures do not align with
the Cartesian grid or inﬂow is favoured in a spherical grid. The hydrodynamical
equations are solved using a Lagrangian formulation with a Runge-Kutta integration
scheme (Pakmor et al., 2016). The gas can ﬂow from grid cell to grid cell, and
in addition, the cells themselves can move. The cells are reconstructed on the
hydrodynamical time step with an improved grid regularization method (Mocz et al.,
2015).
Gravity is included using the TreePM method (Springel and Hernquist, 2002)
with a hierarchical oct-tree algorithm (Barnes and Hut, 1986) for short-range forces
and a Fast Fourier Transform method for long-range forces.
In our setup, we include a primordial chemistry network, that evolves the rate
equations of all relevant reactions for H2 and HD formation and that are important
for DCBH formation (Glover, 2015). The chemical network is subcylced at the end
of each step. The species that are evolved by the code are H, H+, H2, D, D+, HD,
He, He+, He++. Several heating and cooling processes are included in the network,
with the most important contribution coming from H2 line cooling. Furthermore,
line cooling by HD is is included, as well as cooling by collisional ionization of H,
He and He+, recombination cooling of H+, He+ and He++, H  formation cooling,
Compton and bremsstrahlung cooling. A description of the chemical network can
be found in Hartwig et al. (2015b), which builds upon earlier work from Glover
and Jappsen (2007), Glover and Abel (2008) and Clark et al. (2011). In contrast
to Hartwig et al. (2015b), we have now implemented HD chemistry and the latest
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Abstract Population III stars can regulate star formation in the primordial Uni-
verse in several ways. They can ionize nearby halos, and even if their ionizing
photons are trapped by their own halos, their Lyman-Werner (LW) photons can
still escape and destroy H2 in other halos, preventing them from cooling and form-
ing stars. LW escape fractions are thus a key parameter in cosmological simulations
of early reionization and star formation but have not yet been parametrized for re-
alistic halos by halo or stellar mass. To do so, we perform radiation hydrodynamical
simulations of LW UV escape from 9–120 M Pop III stars in 105 to 107 M halos
with ZEUS-MP. We ﬁnd that photons in the LW lines (i.e. those responsible for
destroying H2 in nearby systems) have escape fractions ranging from 0% to 85%.
No LW photons escape the most massive halo in our sample, even from the most
massive star. Escape fractions for photons elsewhere in the 11.18–13.6 eV energy
range, which can be redshifted into the LW lines at cosmological distances, are gen-
erally much higher, being above 60% for all but the least massive stars in the most
massive halos. We ﬁnd that shielding of H2 by neutral hydrogen, which has been
neglected in most studies to date, produces escape fractions that are up to a factor
of three smaller than those predicted by H2 self-shielding alone.
Keywords early universe – cosmic background radiation – dark ages, reionization,
ﬁrst stars – stars: Population III – radiation: dynamics.
3.1 Introduction
The ﬁrst stars form at z  20-30, or about 200 Myr after the big bang. Early
numerical simulations suggested that Pop III stars are very massive, 100 - 500 M,
and form in isolation, one per halo (Bromm et al., 1999, 2002; Abel et al., 2000,
2002; Nakamura and Umemura, 2001; Glover, 2005). More recent models indicate
that most Pop III stars form in binaries (Turk et al., 2009) or in small clusters (Stacy
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et al. 2010; Clark et al. 2011a,b; Greif et al. 2011a, 2012; Smith et al. 2011; Dopcke
et al. 2013; Glover 2013; Stacy and Bromm 2014) with a wide range of masses, all
the way from the sub-solar regime to 103M. These calculations suggest that the
ﬁnal mass of a star is either limited by dynamical processes (Clark et al. 2011a;
Greif et al. 2012; Smith et al. 2012) or by radiative feedback (McKee and Tan, 2008;
Hosokawa et al., 2011, 2012; Stacy et al., 2012; Hirano et al., 2014).
If any Pop III stars formed with masses below 0:8M, they will have survived
until the present day, and they may therefore be detectable in surveys targeting
extremely metal-poor stars in the Galactic bulge and halo as well as in nearby
satellite galaxies (see the reviews by Beers and Christlieb 2005, or Frebel 2010).
This could potentially allow us to set limits on the low mass end of the primordial
stellar initial mass function (IMF, see e.g. Tumlinson, 2006; Salvadori et al., 2007;
Hartwig et al., 2015a). Unfortunately, the direct detection of Pop III stars in the
high redshift Universe is unlikely even with future 30 meter telescopes (although
see Rydberg et al., 2010). As massive stars are very short lived, the upper end
of the Pop III IMF is thus more diﬃcult to constrain. This can only be done
indirectly, for example by observing and analyzing the supernovae (SNe) that mark
the end of the lives of very massive stars. These may indeed be visible to the James
Webb Space Telescope (JWST), the Thirty-Meter Telescope (TMT), the Extremely
Large Telescope (ELT) and the Giant Magellan Telescope (GMT) (e.g., Whalen
et al., 2013a,b, 2014; Smidt et al., 2014). Another promising possibility is again
Galactic archeology. The comparison of the nucleosynthetic yields of Pop III SNe to
the chemical abundances of extremely metal-poor stars observed in our Milky Way
suggests that many Pop III stars may had masses in the range 15   40M (e.g.,
Beers and Christlieb, 2005; Frebel et al., 2005, 2008; Joggerst et al., 2010).
In this Chapter, we focus on the high-mass end of the Pop III IMF. Massive
Pop III stars had the capability to profoundly transform their environment due
to the strong radiative, chemical, and mechanical feedback they provide. They can
evaporate the gas from their dark matter (DM) halos, engulf nearby halos with both
ionizing and LW band UV radiation (Whalen et al., 2004; Alvarez et al., 2006; Abel
et al., 2007; Whalen et al., 2008), and alter their composition with the metal they
produced and expelled. LW photons lie in a series of discrete lines located in the
energy range 11.18 – 13.6 eV (corresponding to a wavelength range of 1110Å – 912Å
) and can travel great distances in the primeval universe because they lie below the
ionization threshold of atomic hydrogen. They can delay or suppress star formation
in nearby halos because they photodissociate H2 and prevent the gas from cooling
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(see e.g. Haiman et al., 1997, 2000; Glover and Brand, 2001, 2003; Machacek et al.,
2001; Susa and Umemura, 2006; Susa, 2007; O’Shea and Norman, 2007; Wise and
Abel, 2008). How Pop III stars regulate subsequent star formation is central to the
rise of stellar populations in the ﬁrst galaxies (Ciardi and Ferrara, 2005; Johnson
et al., 2009; Greif et al., 2010; Jeon et al., 2012; Pawlik et al., 2013; Wise et al.,
2012). This begins with understanding how the strength of the LW background
changes over time, which depends on the masses of Pop III stars and the halos in
which they reside.
Over the past two decades, many studies have examined the inﬂuence of LW
and ionizing radiation on the formation of stars at high redshift. They found that
a photodissociating background cannot halt Pop III star formation but can delay
it (e.g., Machacek et al., 2001; Wise and Abel, 2007; O’Shea and Norman, 2007;
Safranek-Shrader et al., 2012a). An early X-ray background created by accretion
onto stellar remnants and by emission from supernovae can catalyze additional H2
formation that oﬀsets the eﬀects of LW radiation to some extent, but radiative
feedback overall is dominated by the LW background (Glover and Brand, 2003;
Machacek et al., 2003). The evolution of this background over time in general seems
to play only a minor role if it changes less rapidly with redshift z than 10 z=5 (Visbal
et al., 2014c). Simulations suggest that Pop III stars forming in halos illuminated
by signiﬁcant LW backgrounds will be more massive because their host halos must
grow to larger masses before beginning to cool (O’Shea and Norman, 2007; Hirano
et al., 2015; Latif et al., 2014b). When they do begin to cool, collapse rates at their
centers are higher and lead to more massive stars.
The eﬀect of a single Pop III star on a nearby halo has been examined in much
greater detail than in large cosmological boxes. Radiation hydrodynamical simu-
lations by Susa and Umemura (2006) ﬁnd that star formation in the vicinity of a
source star is possible if the star forming region exceeds a density threshold (see
also Glover and Brand, 2001). Other studies in this vein show that star formation
can be either promoted or suppressed depending on the mass of the halo, the mass
of the star, and the proximity of the halo to the star (Susa, 2007; Whalen et al.,
2008, 2010; see also Shapiro et al., 2004; Iliev et al., 2005; Hasegawa et al., 2009;
Susa et al., 2009).
In some cases the H ii region of a Pop III star may fail to break out from a halo
because of large central gas densities. In such cases, LW photons might still exit
the halo because their energies lie below the ionization limit of hydrogen, even if H2
self-shields against this ﬂux to some degree. Most simulations of radiative feedback
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with Pop III stars in cosmological boxes simply assume uniform LW backgrounds. A
parametrization of LW escape fractions from primordial halos as a function of halo
and stellar mass could provide the strength of this background from ﬁrst principles
in future simulations. However, almost no work has been done to produce such a
parametrization. In the only previous study on this topic of which we are aware,
Kitayama et al. (2004) examined LW escape fractions from Pop III star-forming
halos with a Navarro et al. (1997) radial density proﬁle, varying the mass of the
halo and central star.
In an eﬀort to improve on this previous study, we perform radiation hydrody-
namical calculations of LW escape from Pop III minihalos with the ZEUS-MP code.
We then post-process the simulations with semi-analytical methods and calculate
escape fractions in two limits, the near-ﬁeld and the far-ﬁeld. In the near-ﬁeld case
– the only scenario considered by Kitayama et al. (2004) – we compute the escape
fraction of photons in the LW lines themselves. This is the value that is relevant
if we are interested in the eﬀect of radiation from the halo on H2 in its immediate
vicinity. In the far-ﬁeld case, on the other hand, we are interested in the total
fraction of the photons lying between 13.6 eV and 11.2 eV that can escape from the
halo. This is the important quantity if we are interested in the eﬀect of radiation
from the halo on H2 located at cosmological distances.
In both cases, we account not only for H2 self-shielding but also for shielding from
the Lyman series lines of atomic hydrogen, which were not considered by Kitayama
et al. (2004). In some circumstances, this can signiﬁcantly aﬀect the LW escape
fraction.
This Chapter is structured as follows. In Section 2 we describe our numerical
models. In Section 3 we tabulate LW escape fractions by halo and stellar masses
and we conclude in Section 4.
3.2 Method
To calculate LW escape fractions for a given star and halo we ﬁrst evolve the H ii
region of the star with the radiation hydrodynamics simulation code ZEUS-MP. We
then post-process the proﬁles for the ionization front (I-front) and the surrounding
halo with semi-analytic calculations to determine how many LW photons exit the
halo. LW escape fractions in both the near-ﬁeld and far-ﬁeld approximations are




ZEUS-MP is an astrophysical radiation-hydrodynamics code that self-consistently
couples photon-conserving raytracing UV transport and nonequilibrium primordial
gas chemistry to gas dynamics to evolve cosmological I-fronts (Whalen and Norman,
2006, 2008a,b). We evolve mass fractions for H, H+, He, He+, He2+, H , H+2 ,
H2, and e  with nine additional continuity equations and the nonequilibrium rate
equations of Anninos et al. (1997) in which the species are assumed to share a
common velocity distribution. Mass and charge conservation, which are not formally
guaranteed by either the network or advection steps, are enforced at every update
of the reaction network. Heating and cooling due to photoionization and chemistry
are coupled to the gas energy density with an isochoric update that is operator-
split from the ﬂuid equations. Cooling due to collisional ionization and excitation
of H and He, recombinations of H and He, inverse Compton scattering (IC) from
the CMB, bremsstrahlung emission, and H2 cooling are all included in our models.
The chemical and cooling rate coeﬃcients are the same as those used in Anninos
et al. (1997), with one important exception: we use case B rates to describe the
recombination of hydrogen and helium, rather than case A as used in Anninos et al.
(1997).
We use 120 energy bins in our photon-conserving UV transport scheme, 40 bins
that are uniform in energy from 0.755 to 13.6 eV and 80 bins that are logarith-
mically spaced from 13.6 eV to 90 eV. We normalize photon rates in each bin by
the time-averaged ionizing photon rates and surface temperatures for Pop III stars
from Tables 3 and 4 of Schaerer (2002). The radiative reactions in our simula-
tions are listed in Table 1 of Whalen and Norman (2008a), and the momentum
imparted to the gas by ionizations of H and He is included in the photon transport.
Photon conservation is not used to calculate H2 photodissociation rates. They are
derived along radial rays from the star with the self-shielding functions of Draine
and Bertoldi (1996, hereafter DB96) modiﬁed for thermal broadening as a proxy for
the eﬀects of gas motion (equations 9 and 10 in Whalen and Norman, 2008a), with
r 2 attenuation taken into account.
Two-photon emission from recombining He+ and He2+ can produce photons
capable of photo-dissociating H2. However, we do not account for the eﬀects of this
nebular emission, as it is unimportant in comparison to the eﬀects of the direct
stellar emission.
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3.2.2 Halo Models
We adopt the one-dimensional (1D) spherically-averaged halo proﬁles used in
Whalen et al. (2010), which were based on the results of cosmological simulations
carried out with the Enzo adaptive mesh reﬁnement (AMR) code (Bryan et al.,
2014). Their masses are 6.9  105 M, 2.1  106 Mand 1.2  107 M. This corre-
sponds to the range of halo masses in which Pop III stars are expected to form via
H2 cooling, and all three halos form at z  20. Densities, velocities, temperatures
and mass fractions for all nine primordial species are mapped from these proﬁles
onto a 1D spherical grid in ZEUS-MP. We summarize the properties of these halos
in Table 3.2.1 and plot their initial densities, velocities, temperatures, and species
mass fractions in Figure 3.2.1.
The gas densities have nearly a power-law proﬁle with slopes around -2.1, with
the most massive halo having the highest densities. Temperatures vary from a few
hundred K to several thousand K and generally increase with halo mass. This is
to be expected since the virial temperature of a halo scales with the halo mass as
Tvir / M2=3. Virial shocks are visible in all three proﬁles at  100 pc, where infall
velocities abruptly decrease as accretion ﬂows crash into increasingly dense regions
of the halo. Shock heating at these radii is also evident in the temperature proﬁles,
and is almost strong enough to collisionally ionize atomic hydrogen in halo 3.
ZEUS-MP does not evolve DM particles as in cosmological codes such as Enzo or
GADGET; instead, an additional gravitational potential is implemented as a proxy
for the DM potential of the halo. We take its potential to be that required to keep
the baryons in hydrostatic equilibrium on the grid. The mass associated with this
potential is nearly the same as that of the halo. We interpolate this precomputed
potential onto the grid at the beginning of the run but it does not evolve thereafter.
Taking the potential to be static is a reasonable approximation because merger and
accretion timescales at z  20 are on the order of 20 Myr, signiﬁcantly longer than
the lifetimes of most of the stars that we consider in this study (see Table 3.2.2).
We therefore do not expect the dark matter distribution to evolve much over the
lifetime of the star.
3.2.3 Hii Region Simulation Setup
We center the Pop III star at the origin of a 1D spherically-symmetric grid that has
500 ratioed zones in radius. The inner boundaries are at 2.0  1017 cm (halos 1
and 2) or 4.0  1017 cm (halo 3) and the outer boundaries are at slightly more than
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Figure 3.2.1: Initial densities (upper left), temperatures (upper right), radial velocities (lower
left) and species mass fractions (lower right) for the three halos.
twice the virial radius of the halo. Reﬂecting and outﬂow conditions are imposed
on the inner and outer boundaries, respectively. Densities, energies, velocities and
species mass fractions from our Enzo proﬁles are mapped onto the ZEUS-MP grid
with a simple linear interpolation of the logarithm of the given variable. We consider
Pop III stars with masses 9, 15, 25, 40, 60, 80 and 120 M in all three halos, leading
to a total of 21 models. The properties of these stars are listed in Table 2 (Schaerer,
2002). Each simulation is run out to the end of the life of the star.
In two of the 21 simulations (the 15 M star in halos 1 and 2) the I-front is
conﬁned to small radii that require a ﬁner grid in order to be resolved. We therefore
use a grid of 1000 zones with two contiguous blocks: a very ﬁnely spaced uniform
grid with 600 cells to resolve the I-front followed by a ratioed grid with 400 cells
that again extends to twice the virial radius of the halo. We ensure that the length
of the innermost zone of the outer block is within 20% of that of the outermost zone
of the inner block to avoid spurious reﬂections of shocks at the interface of the two
blocks.
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3.2.4 LW Escape Fractions
Molecular hydrogen has no dipole moment and is therefore destroyed in a two-
step photodissociation process, the Solomon-process (Stecher and Williams, 1967b):
H2 +  ! H?2 ! 2H. Incident radiation can excite the molecule from the ground
state to an electronically excited state. Two of these excited states, B1+u (known
as the Lyman state) and C1u (the Werner state), are separated from the electronic
ground state by less than 13.6 eV, and transitions to these states can therefore be
brought about by photons with energies below the Lyman limit of atomic hydrogen.
Within the Lyman and Werner states, a variety of bound rotational or vibrational
levels are accessible, and so transitions from the ground state to the Lyman or
Werner states occur through a series of discrete lines, known as the Lyman-Werner
band system, or simply as the Lyman-Werner lines. Once excited by a photon in
one of these lines (a LW photon), the H2 molecule remains in the Lyman or Werner
state for only a very short time t  10 8 s, before decaying back to the electronic
ground state. Most of the time, the H2 molecule decays to a bound ro-vibrational
level in the ground state. However, a small fraction of the time, the decay occurs
to the vibrational continuum, resulting in the dissociation of the H2 molecule. The
dissociation probability depends on the details of the incident spectrum and the
density and temperature of the gas (which ﬁx the initial rotational and vibrational
level populations), but is typically around 15% (DB96). The remaining 85% of LW
photon absorptions result in decay back to a bound state. In a small fraction of
cases, this results in a photon with the same energy as the original LW photon (albeit
with a random direction). However, the majority of the time, the re-emitted photon
has too small an energy to bring about photodissociation (Glover and Brand, 2001,
for more details, see the discussion in Section 3.4 of).
When the H2 column density is large, the gas becomes optically thick in the LW
lines. This can prevent radiation from an external source from reaching the center
of a halo or LW ﬂux from the center of a halo from escaping it. The gas therefore
self-shields against LW radiation. In addition, LW photons can also be absorbed by
most of the Lyman series lines of atomic hydrogen 1.
In the immediate vicinity of a halo, the photons responsible for photodissociating
1The exception is Lyman-, which is located at too low an energy. However, because the
frequencies of the LW lines of H2 do not coincide particularly closely with those of the Lyman
series lines of H, this eﬀect only becomes important when the atomic hydrogen column density is
very high, NH ' 1023 cm 2 or above, so that the Lyman series lines are strongly Lorentz-broadened
(Wolcott-Green and Haiman, 2011).
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H2 are those emitted in the LW lines in the rest-frame of the halo. The absorption
of these photons by H2 and H within the halo can be conveniently parameterized
by a simple self-shielding function (see e.g. DB96; Wolcott-Green and Haiman 2011,
hereafter simply WH11). The escape fraction of photons in this limit, which we term
the near-ﬁeld limit, is then simply given by the value of this self-shielding function
evaluated at the virial radius of the halo. At larger, cosmological distances, the
LW ﬂux is redshifted by the expanding Universe or Doppler shifted due to relative
velocities between halos. As a consequence, the LW lines in the source frame may
not coincide with LW absorption lines in the local frame of a halo. A simple estimate
of the escape fraction in this limit, which we term the far-ﬁeld limit, is given by the
fraction of the LW range 11.2 – 13.6 eV not lying inside the combined equivalent
width of the absorption lines. In the sections below, we describe in more detail how
we compute the LW escape fractions in both limits.
Near-Field Limit
A LW photon escapes a halo if it does not photodissociate an H2 molecule or is not
absorbed and re-emitted as lower-energy photons. The LW escape fraction, fesc,
can therefore be equated to the fraction of H2 molecules that are shielded from
either process. The factors by which H2 is shielded from LW photons by other H2
molecules and by H atoms are fH2shield and fHshield, respectively. Both factors account
for all processes by which LW photons are absorbed, not just those that result in a
photodissociation. The total factor by which H2 is shielded can be taken to be the










ni H2;i (ri   ri 1); (3.2)
where ni is the number density of all particles and ri is the outer radius of the ith
cell, where r0 is zero. H2;i = NH2;i=Ntotal;i is the H2 particle fraction with NH2;i
the number of H2 molecules and Ntotal;i the total number of particles in bin i. The
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halo R200 (pc) mass (M)
1 256.8 6:9 105
2 339.6 2:1 106
3 495.2 1:2 107
Table 3.2.1: Virial radii and total (dark matter + baryon) masses of the three halos.
M (M) lifetime (Myr) log L (L) log Te (K)
9 20.2 3.709 4.622
15 10.4 4.324 4.759
25 6.46 4.890 4.850
40 3.86 5.420 4.900
60 3.46 5.715 4.943
80 3.01 5.947 4.970
120 2.52 6.243 4.981
Table 3.2.2: Pop III stellar properties (Schaerer, 2002).
sum extends out to the virial radius of the halo,
R200 = R( = 200
b;0 crit); (3.3)
where  is the gas density and crit = 3H2(z = 20)=(8G)  2:349  10 26g cm 3
is the critical overdensity of the Universe at z = 20. The virial radii are listed for
all three halos in Table 3.2.1.
The Doppler broadening of lines must be taken into account in fH2shield. The
thermal component of the Doppler broadening parameter, bD;T, is associated with












From DB96, the Doppler broadening parameter is deﬁned by b = FWHM=(4 ln 2)1=2,
where FWHM is the full-width half maximum of Pv(v) and is related to the standard
deviation, , of Pv(v) by FWHM = 2
p






where kB is the Boltzmann constant and mH2 is the mass of an H2 molecule. The
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where Ti is the temperature and Vi is the volume in cell i.
The bulk motion of the gas can also aﬀect whether or not a ﬂuid element is shifted
into the line of an outgoing LW photon. We account for this in an approximate way










where mt is taken to be the microturbulent velocity dispersion, which is approxi-
mated as the H2-weighted velocity dispersion of the halo in analogy to Te . We then
calculate fH2shield with the ﬁtting function in WH11







 exp[ 2:293 10 4p1 + x]; (3.8)
where x = NH2=(8:465 1013cm 2) and DH2 = bD;T;v=(105cm s 1).





where xH = NH=(2:85  1023cm 2). Escape fractions in the near-ﬁeld limit are
calculated for each proﬁle of the Hii region and surrounding halo as they evolve
throughout the run, typically 1000 times during the simulation.
Far-Field Limit
In the far-ﬁeld approximation, we begin by calculating the dimensionless equivalent
width of all the LW lines, fW 0. It cannot exceed the total dimensionless width of the
LW range 11.2 – 13.6 eV:W 0max = ln(1110=912) ' 0:2. The escape fraction in the far-
ﬁeld limit is then one minus the fraction of these two quantities, fesc = 1 fW 0=W 0max.
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Figure 3.2.2: Evolution of the I-front of the 60 M star in halo 1. The times are 0.175 Myr
(black solid line), 0.35 Myr (blue dotted line), 0.875 Myr (green dashed line) and 3.5 Myr, the
end of the life of the star (red dash-dotted line).
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The transition from a lower level l (with vibrational quantum number v and
rotational quantum number J) to an upper level u (with v0 and J 0, respectively)
depends on the photoabsorption cross-section ul and column density Nl. In a ﬁrst
step, we show the calculation for a single line. Later, we combine them to obtain
the total equivalent width. We follow the notation of DB96. The equivalent width




If Nlul  1 we can treat the line width in the weak-line limit, in which
exp( Nlul) ' 1   Nlul. The photodissociation cross section can also be writ-
ten in terms of the cross section at line center, ul(0), and a frequency dependent
line proﬁle function that is normalized to one. Therefore, we have
Wul;W(Nl) ' Nlul(0): (3.11)
The shape of the equivalent width needs to be accounted for in the general case.
Two processes determine the shape, Lorentz and Doppler broadening.
Lorentz broadening, also known as natural broadening, is intrinsic to the line and
is a consequence of the Uncertainty Principle: a quantum state with a lifetimet has
an uncertainty associated with its energyE such thatEt  ~=2. Consequently,
radiative transitions to or from this state do not have a precise energy but instead
occur with a range of energies with a distribution with a width  E. Doppler
broadening, also known as thermal broadening, is a consequence of the thermal
motion of molecules and atoms. The Doppler shifts associated with this motion
again lead to a spread in the frequency of the transition in the laboratory frame. If
the gas particles have a Maxwell-Boltzmann velocity distribution, the line proﬁle is
a simple Gaussian when Doppler broadening dominates.
Doppler broadening usually dominates near the center of the line 0. However,
the Doppler line proﬁle function falls oﬀ exponentially away from the line center
while the Lorentz proﬁle falls oﬀ only as (   0) 2. Lorentz broadening therefore
always dominates far enough from the centre of the line. Lorentz broadening can
often be ignored far from the centre of the line because the line is so weak there
that the optical depth due to that region of the line proﬁle is  1. However, if Nl
is very large this may no longer be true and we need to account for both Lorentz
and Doppler broadening.
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When both eﬀects are important, the line proﬁle becomes a convolution of the
Lorentz and Doppler proﬁles known as the Voigt proﬁle. Instead of calculating
the Voigt proﬁle directly, we follow the approach of Rodgers and Williams (1974,





ul;D   (Wul;L Wul;D=Wul;W)2]1=2 (3.12)
(equation 3 of RW74). Here, WL is the equivalent width of the line, assuming only
Lorentz broadening, WD is the equivalent width for only the Doppler eﬀect taken
into account, while WW is the equivalent width in the weak line limit (equation 10).
We use the approximation in RW74 to calculate WD,
WD = DD(z); (3.13)
where D = bD;T;v0=c includes the Doppler broadening parameter bD;T;v, as de-
ﬁned in Equation (6). The function D is a seventh-order polynomial given in the
Appendix of RW74 and z = ul(0)Nl=(D1=2).
We take the expression for WL given in Belafhal (2000), which is more accurate
than the one from RW74,
WL = 2LL(z); (3.14)
where L =  =2 is the Lorentz half-width of the line with the total de-excitation
rate  , z = ul(0)Nl=(2L), and L is the Ladenburg-Reiche function used by
Belafhal (2000). To combine the individual lines we ﬁrst ﬁnd their dimensionless
equivalent widths. As the width of the line is small compared to its frequency, it





We assume an ortho-to-para ratio of 3:1 for molecular hydrogen, so Northo =
0:75NH2 and Npara = 0:25NH2 . Applying the transition rules, only one upper
rotational level can be reached: J 0 = 1. We further limit our calculations to tran-
sition energies below the ionization limit of hydrogen, E  [13:6]eV , because we
assume that any photon with E  [13:6]eV ionizes a hydrogen atom.
For each transition, we take the molecular data required to compute the dimen-
sionless equivalent width – the oscillator strength and frequency of the transition,
and the total radiative de-excitation rate of the excited state – from the papers by
Abgrall and Roueﬀ (1989) and Abgrall et al. (1992).
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In the case of no line overlap, the total dimensionless equivalent width can be







If there is overlap we account for it in the same way as DB96. To ensure that the
total dimensionless equivalent width of our set of lines satisﬁes this constraint, we
write it as
~W 0 =W 0max

1  exp( W 0=W 0max)

: (3.17)
Therefore, since fesc = 1  fabs = 1  ~W 0=W 0max, we have
fesc = exp
  W 0=W 0max : (3.18)
As in the near-ﬁeld case, we consider shielding by neutral hydrogen in addition
to self shielding by H2. All Lyman lines starting from Ly fall into the LW range
and can therefore reduce the LW escape fraction. Like WH11, we consider Lyman
transitions (l = 1) from u = 2 up to u = 10. We calculate W 0H with data from Wise
and Fuhr (2009) in analogy to W 0. The two dimensionless equivalent widths are









We ﬁrst examine the evolution of the I-front and H ii region in a halo and then
present our results for fesc in the near-ﬁeld and far-ﬁeld limits.
3.3.1 Evolution of the Hii Region
The evolution of the I-front and H ii region depends on the mass of the star and its
host halo. At early times the I-front propagates very rapidly, leaving the gas behind
it essentially undisturbed (an R-type front). It then decelerates as it approaches the
Strömgren radius of the halo. If the halo is massive and the star is not very luminous
the I-front stalls at the Strömgren radius and advances no further. If the star is
bright, the front may brieﬂy loiter at the Strömgren radius, but it then resumes its
expansion driving a shock in front of it (a D-type front). As it descends the steep
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density gradient of the halo, the front can break through the shell and revert to R-
type, ﬂash ionizing the halo out to radii of 2.5–5 kpc. The I-front may be preceded
by an H2 photodissociation front driven by LW photons (see e.g. studies by Ricotti
et al. 2001, 2002). This second radiation front is often at ﬁrst conﬁned to the halo
because the rate of H2 formation in the photodissociation region (PDR) exceeds the
rate at which LW photons are emitted by the star.
The hard UV spectra of hot high-mass Pop III stars increases the thickness of
the I-front because of the larger range of mean free paths of the ionizing photons in
the neutral gas. The outer layers of the front can have temperatures of just a few
thousand K and free electron fractions of  10%, ideal conditions for the formation
of H2 in the gas phase via the H  and H+2 channels:
H+ e  ! H  +  H  +H! H2 + e  (3.20)
H+H+ ! H+2 +  H+2 +H! H2 +H+ : (3.21)
An H2 layer may thus form in the outer shell of the front, with a molecular mass
that greatly exceeds the one in the surrounding PDR. In the Hii region itself nearly
all H2 is collisionally dissociated by free electrons. Beyond the I-front much of the
H2 in the halo that existed before the star was born may have been destroyed by
the PDR. The total H2 column density in the halo may therefore be dominated by
the H2 sandwiched between the I-front and the shell of gas plowed up by the front
after becoming D-type. Since this thin layer may govern LW escape from the halo,
it is essential that it is well resolved in our numerical simulations.
We show in Figure 3.2.2 proﬁles for the I-front, H ii region and PDR for the 60
M star in halo 1 at 0.175, 0.35, 0.875 and 3.5 Myr, the lifetime of the star. At 0.175
Myr it is evident from the temperature plot that the I-front has become D-type: an
ionized region with a temperature of 4.5  104 K extends out to the position of the
front at 1.2 pc, after which the temperature drops to 1400 K, rises to 4000 K at 1.5
pc and then falls to below 500 K at 1.7 pc. The 4000 K gas is the plowed up, shocked
material. The temperature falls to 1400 K in the region between the fully ionized
gas and the dense shell because of H2 cooling in the outer layers of the I-front. The
shock has fully detached from the front and is at  1.7 pc. The density spike at 1.3
pc marks the center of the plowed up shell, which has ten times the density of the
ambient halo. H2 mass fractions reach 10 4 between the I-front and the dense shell
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and then fall to 10 7 just beyond it, marking the beginning of the PDR. The latter
extends out to  100 pc, beyond which the H2 mass fractions gradually rise to 
10 4, those that were in the halo prior to the birth of the star. Note the extremely
low H2 mass fractions within the H ii region that are due to collisional dissociation.
At 0.35 Myr, the I-front has advanced to  4 pc, but remains D-type and
continues to move behind the shock front. The structures of the PDR beyond the
I-front are virtually identical to the ones at 0.175 Myr, as shown in the H2 mass
fractions. Note that at each stage the rise of the H2 column density to its peak value
coincides with the position of the H2 layer just ahead of the front. The thin layer in
which most of the H2 forms has a peak H2 abundance of over 10 4, slightly higher
than at 0.175 Myr. It is also somewhat wider, but the peak density in the layer
is roughly an order of magnitude lower than at 0.175 Myr. Together, these factors
lead to the H2 column density at 0.35 Myr being little changed from its value at
0.175 Myr.
The H ii region remains D-type until about 0.875 Myr, when the dense shell is
barely visible in the temperature proﬁle at  20 pc. The peak H2 abundance in the
shell at this point has fallen to 10 5 because of the smaller densities there, resulting
in a substantially lower H2 column density. As the halo becomes more and more
ionized, more LW photons pass through the I-front and decrease the H2 abundance
in the PDR. This also increases the radius of the PDR, from 100 pc at 0.375 Myr
to 250 pc at 0.875 Myr. The peak density behind the shock front has fallen to 
75 cm 3, but this is still 10 times higher than the density immediately ahead of the
shock.
Later on, the I-front becomes R-type, overruns the PDR and breaks out of the
halo. As the density of the H2 layer falls with the expansion of the I-front, the H2
column density decreases.
At the end of the lifetime of the star, 3.5 Myr, the whole halo is ionized, while
the shock front is still moving outwards. Nearly all molecular hydrogen is destroyed
in the H ii region due to collisional dissociations, resulting is a very low H2 column
density which is not able to shield against LW radiation.
This case is an example of delayed breakout, in which the star eventually ionizes
the halo, but only after a large fraction of its lifetime. In our grid of models some
I-fronts loiter at the Strömgren radius until the death of the star. For the 9 M star
in the 1:7 107 M halo the Strömgren radius is below the grid resolution and the
H ii region remains hypercompact until the death of the star. In these models the
halo is essentially undisturbed by UV radiation from the star.
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Figure 3.3.1: Smoothed escape fractions for a 9 M star (black solid and green dotted lines,
overlying) and a 80 M star (blue solid and red dotted lines) in halo 1 as a function of time.
Escape fractions with shielding by H2 only (dotted lines) and by H2 and neutral hydrogen
(solid lines) are shown.
3.3.2 LW Escape Fractions in the Near-Field Limit
The escape fraction evolves as the H ii region of the star expands in the halo and the
H2 column density and neutral H fraction change. In Figure 3.3.1, we show how fesc
evolves over time with H2 self-shielding alone (dotted lines) and with both H2 and H
shielding (solid lines) for the 9 M and 80 M stars in halo 1. With the 9 M star,
the I-front is trapped and ionizing UV photons never break out of the halo. With the
80 M star, the I-front breaks out of the halo and fully ionizes it. Here, the escape
fraction is essentially zero until the I-front changes to R-type at 0.6 Myr. Before
this transition, the H2 column density is high enough to prevent most LW photons
from escaping the halo, due to the dense shell driven by the I-front. After the front
breaks through the dense shell and accelerates down the steep density gradient of
the halo, the column density of H2 rapidly decreases, owing to the rapid decrease in
the post-shock density. Because the density decreases so rapidly with radius, most
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of the H2 is destroyed by the front well before it reaches the virial radius of the halo
at a time  0.9 Myr.
The rapid initial increase in fesc with the 9 M star is due to the lower luminosity
of the star, which creates less H2 in the dense shell plowed up by the I-front. The
dense shell therefore has a lower H2 column density and hence traps LW photons
less eﬀectively than in the case of the 80 M star. However, the smaller UV ﬂux
also prevents the I-front from overrunning the entire halo, leading to it remaining
trapped for the lifetime of the star. Consequently, the H2 column density in the
post-shock shell varies only slightly over the lifetime of the star, and the LW escape
fraction tends towards a roughly constant value. If we account only for H2 self-
shielding, then the LW escape fraction at late times is around 51%. On the other
hand, if we also account for absorption in the Lyman series lines of atomic hydrogen,
we recover instead an escape fraction of around 15% at late times. We see therefore
that shielding due to neutral H is especially important in this case. This is because
most of the halo is not ionized, and the presence of atomic hydrogen reduces fesc
by more than two thirds compared to the value based on H2 alone. We conclude
that shielding by neutral hydrogen cannot be neglected for stars with M  10M
in cosmological halos.
We list near-ﬁeld escape fractions that are averaged over the lifetime of the star
in Tables 3.3.1 and 3.3.2. Table 3.3.1 shows the values that we obtain if we only
account for H2 self-shielding, while Table 3.3.2 shows the corresponding values for
the case where we account for shielding by both H and H2. We see that on the
whole, we recover similar values in both cases, unless the mass of the star is low, or
the mass of the halo is large.
Our time-averaged values for the near-ﬁeld escape fraction are also plotted for
all three halos as a function of stellar mass in Figure 3.3.2. For a given star, fesc falls
with increasing halo mass because a smaller fraction of the halo becomes ionized.
In halos 1 and 2, fesc increases with stellar mass, because the higher luminosities of
the more massive stars ionize more of the halo. None of the stars in our study can
ionize halo 3, which is not only the most massive halo but is also the densest (see
Figure 3.2.1). All LW photons are also trapped, even for the 120 M star. With
more massive stars in halo 3, the H ii region does expand, but the star dies before
the I-front can reach the virial radius.
Note that escape fractions for small stars (the 9 M star in halo, the 9 M
and 15 M stars in halo 2 and the 25 M star in halo 3) can actually be larger
than for more massive stars in the same halo. The lower luminosities of these less
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Figure 3.3.2: Time-averaged escape fractions for all our models as a function of stellar mass
for halo 1 (black thin line), halo 2 (red normal line), and halo 3 (blue thick line). Escape frac-
tions with just shielding by H2 (dotted lines) and by H2 and neutral hydrogen (solid lines) are
shown, together with some values from Kitayama et al. (2004) (purple stars).
massive stars produce less H2 in the dense shell surrounding the Hii region so more
LW photons can escape the halo. We can compare our numbers with the study by
Kitayama et al. (2004). However, we note that they are using an earlier self-shielding
function from DB96 and the overlap in parameter space is quite limited. They ﬁnd
the escape fraction for a 25 M star in a 5:5  105M halo to be about half the
value for our 6:9  105M halo. As Kitayama et al. (2004) consider their escape
fractions to be lower limits, and given the diﬀerences in halo structure between our
models and theirs, we conclude that the two approaches yield consistent results.
3.3.3 Far-Field Limit
As expected, escape fractions in the far-ﬁeld limit are generally much higher than
in the near-ﬁeld. We show time-averaged escape fractions with self-shielding due to
H2 only for all our runs in Table 3.3.3 and the upper panel of Figure 3.3.3, and for
shielding by H2 and H in Table 3.3.4 and the lower panel of Figure 3.3.3, respectively.
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M [M] 9 15 25 40 60 80 120
halo 1 45 13 34 58 72 78 83
halo 2 34 8 < 1 < 1 18 49 74
halo 3 < 1 10 34 3 < 1 < 1 < 1
Table 3.3.1: Near-ﬁeld escape fractions (in percent) averaged over the lifetime of the stars,
accounting only for H2 self-shielding
M [M] 9 15 25 40 60 80 120
halo 1 13 12 34 58 72 78 83
halo 2 12 8 < 1 < 1 18 49 74
halo 3 < 1 2 8 < 1 < 1 < 1 < 1
Table 3.3.2: Near-ﬁeld escape fractions (in percent) averaged over the lifetime of the stars,
accounting for shielding by both H2 and H
Figure 3.3.3: Time-averaged escape fractions in the far ﬁeld limit for all the models in our
study, plotted as a function of stellar mass (halo 1: black thin line, halo 2: red normal line,
halo 3: blue thick line). In the lower panel, escape fractions for self-shielding by H2 alone are
shown (dashed lines). In the upper panel, escape fractions that account for shielding by H and
H2 (solid lines).
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M [M] 9 15 25 40 60 80 120
halo 1 99 98 97 97 98 98 99
halo 2 99 98 95 94 95 97 99
halo 3 22 98 99 94 93 92 92
Table 3.3.3: Far-ﬁeld escape fractions (in percent) averaged over the lifetime of the star,
accounting only for H2 self-shielding.
M [M] 9 15 25 40 60 80 120
halo 1 38 90 91 91 92 93 94
halo 2 43 89 87 87 89 91 93
halo 3 4 33 34 64 66 67 68
Table 3.3.4: Far-ﬁeld escape fractions averaged over the lifetime of the stars, accounting for
shielding by both H2 and H.
When considering only shielding by H2, for halos 1 and 2, the escape fraction is
always higher than 90% and nearly all LW photons escape the halo. In halo 3, most
of the LW radiation from the 9 M star is trapped in the halo, and only a quarter of
the photons can escape. The higher mass stars all have larger luminosities so their
radiation eventually escapes halo 3.
As in the near-ﬁeld limit, including shielding by atomic hydrogen reduces the
escape fraction. Less than half of the LW photons from the 9 M star escape
any halo. In particular the escape fraction in halo 3 is only fesc  4%. LW escape
fractions in halos 1 and 2 for more massive stars are above 85%, and they rise slightly
with halo mass. In halo 3, the picture is diﬀerent: for the 9, 15 and 25 M stars, the
I-front is static and ionizing photons are trapped in the halo. The Strömgren radii of
the I-fronts of the 15 and 25 M stars are similar, 0.13 pc and 0.14 pc respectively,
which explains the step in escape fraction over that mass range. With more massive
stars the I-front eventually advances beyond the Strömgren radius, but the star dies
before it can reach the virial radius. The ﬁnal radii of the H ii regions increase only
slightly with the mass of the star, because although they are more luminous these
stars also have shorter lives. The radii vary from 12 to 20 pc for 40–120 M stars,
resulting in escape fractions of 64% to 68%.
3.4 Conclusion
We have calculated LW escape fractions for 9–120 M Pop III stars in three diﬀerent
primordial halos ranging in mass from 6:9105 to 1:2107 M. We have considered
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two limiting cases. The near-ﬁeld limit is relevant for objects close to the halo that
do not have a signiﬁcant velocity relative to it, so that the LW absorption lines in
the rest-frame of the object coincide with those in the rest-frame of the halo. In this
limit, the escape fraction can be approximated by the product of the self-shielding
function of H2 and the shielding function of H2 by neutral hydrogen which have been
developed by WH11. The far-ﬁeld limit is valid for objects that are signiﬁcantly red-
shifted or blue-shifted with respect to the halo, usually at cosmological distances.
In this limit, we can estimate the escape fraction by calculating the ratio of the
equivalent width of the LW absorption lines to the width of the entire LW frequency
range.
In both limits, we consider self-shielding by molecular hydrogen alone as well
as the combined eﬀects of molecular and atomic gas together. We ﬁnd that it is
important to consider both types of shielding.
In the near-ﬁeld, the escape fraction generally rises with increasing mass of the
central star. In the 6:9  105 M halo, it grows from about 10% to about 85%
and for the 2:1  106 M halo to about 75%. None of the stars in our study are
bright enough to fully ionize the 1:2  107 M halo and escape fractions from this
halo are nearly zero in the near-ﬁeld. For some stars with masses close to 10 M,
escape fractions can be higher than for slightly more massive stars because their
lower luminosities cannot build up as large an H2 column density, e.g. 12% of the
LW photons are able to escape the 2:1 106 M halo for a 9 M star, but only 8%
for a 15 M star.
In the far-ﬁeld, the escape fractions are generally higher. Only in the case of the
9 M star do fewer than 50% of its LW photons exit all of our halos. In the most
massive halo, this is also true for the 15 and 25 M stars. For higher stellar masses,
the escape fraction rises to above 90% for the less massive halos and to above 60%
for the 1:2 107M halo.
If shielding by neutral H is neglected, the escape fractions are overpredicted.
Therefore, the additional shielding function of neutral hydrogen fromWH11 provides
an important improvement to the older model from DB96. This is especially severe
for stars with masses up to 25 M in the near-ﬁeld, where shielding by neutral H
reduces the escape fraction by as much as a factor of three. In the far-ﬁeld, less
than 50% of the LW radiation from a 9 M star can exit any halo, but if neutral
hydrogen shielding is neglected up to 99% can exit the halo. The 1:2 107M halo
is not ionized by any of the central stars considered, so its large neutral hydrogen
column density plays a major role in shielding, reducing the escape fraction from
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about 90% to about 60% for stars with masses of 40 M and higher.
Our models assume 1D spherical symmetry. In reality, both ionizing and LW
photons can break out of the halo along lines of sight with lower optical depths,
so our escape fractions should be taken to be lower limits. We note in particular
that shielding by neutral H, which has largely been ignored in studies until now, can
play a large role in LW escape fractions, especially those of lower-mass Pop III stars.
This latter point is important because of the relative contributions of lower-mass
and higher-mass Pop III stars to the LW background. It has recently been found
that more realistic stellar spectra that contain a lower-mass Pop III star component
may be less eﬃcient at photodissociating H2 in primordial halos than previously
thought (Agarwal and Khochfar, 2015). Shielding by H in the host halos of such
lower-mass Pop III stars may reinforce this trend by allowing fewer LW photons to
escape into the cosmos.
Finally, we note that star formation in the vicinity of a halo hosting a low-mass
Pop III star may be less inﬂuenced by the star than by the global LW background
because of low escape fractions from the halo in the near ﬁeld. Conversely, smaller
LW escape fractions from low-mass Pop III stars have less of an eﬀect on the LW
background on cosmological scales because escape fractions in the far-ﬁeld limit are
generally much larger.
Acknowledgments
We thank the anonymous referee for a careful review of our paper. We thank
Volker Bromm, Andreas Burkert, Andrea Ferrara, Tilman Hartwig and Jan-Pieter
Paardekooper for useful discussions. The authors acknowledge support from the
European Research Council under the European Community’s Seventh Framework
Programme (FP7/2007 - 2013) via the ERC Advanced Grant “STARLIGHT: Forma-
tion of the First Stars” (project number 339177). SCOG and RSK also acknowledge
support from the Deutsche Forschungsgemeinschaft via SFB 881, “The Milky Way
System” (sub-projects B1, B2 and B8) and SPP 1573 , “Physics of the Interstellar





Lyman-Werner Escape Fractions from the First
Galaxies
Distribution of work Anna T. P. Schauer performed all simulations with
a version of ZEUS-MP modiﬁed by Daniel J. Whalen. She wrote the phython
routines for always resolving the I-front with high resolution and performed the
analysis. The haloes we used in this work are cut out of a cosmological simulation
by Muhammad A. Latif, the spectra used here are from Bhaskar Agarwal, Lluís
Mas-Ribas, Claes-Erik Rydberg and Erik Zackrisson. The text was mainly written
by Anna T. P. Schauer and Simon C. O. Glover, with contributions from the
other authors. In detail, Muhammad A. Latif contributed with text to the section
describing the host haloes, and Bhaskar Agarwal, Lluís Mas-Ribas, Claes-Erik
Rydberg and Erik Zackrisson wrote the paragraphs describing the spectra. All
authors contributed with comments and ideas.
The content of this chapter has been published as:
Schauer, A. T. P., Agarwal, B., Glover, S. C. O., Klessen, R. S., Latif,
M. A., Mas-Ribas, L., Rydberg, C.-E., Whalen, D. J., and Zackrisson, E.
65
66
“Lyman-Werner escape fractions from the ﬁrst galaxies”.
MNRAS, 467:2288–2300, May 2017a.
doi: 10.1093/mnras/stx264.
Authors Anna T. P. Schauer1, Bhaskar Agarwal1;2, Simon C. O. Glover1, Ralf S.
Klessen1, Muhammad A. Latif3;4, Lluís Mas-Ribas5, Claes-Erik Rydberg1, Daniel
J. Whalen6, Erik Zackrisson7
1Universität Heidelberg, Zentrum für Astronomie, Institut für Theoretische Astro-
physik, Albert-Ueberle-Str. 2, 69120 Heidelberg, Germany
2Department of Astronomy, 52 Hillhouse Avenue, Steinbach Hall, Yale University,
New Haven, CT 06511, USA
3Sorbonne Universites, UPMC Univ Paris 06 et CNRS, UMR 7095, Institut
dAstrophysique de Paris, 98 bis bd Arago, 75014 Paris, France
4Department of Physics, COMSATS Institute of Information Technology, Park
Road, Islamabad, Pakistan
5 Institute of Theoretical Astrophysics, University of Oslo, P. O. Box 1029 Blindern,
NO 03015 Oslo, Norway
6 Institute of Cosmology and Gravitation, Portsmouth University, Dennis Sciama
Building, Portsmouth PO1 3FX, UK
7 Department of Physics and Astronomy, Uppsala University, Box 515, SE-751 20
Uppsala, Sweden
Abstract Direct collapse black holes forming in pristine, atomically-cooling
haloes at z  10   20 may act as the seeds of supermassive black holes (BH)
at high redshifts. In order to create a massive BH seed, the host halo needs to
be prevented from forming stars. H2 therefore needs to be irradiated by a large
ﬂux of Lyman-Werner (LW) UV photons in order to suppress H2 cooling. A
key uncertainty in this scenario is the escape fraction of LW radiation from ﬁrst
galaxies, the dominant source of UV photons at this epoch. To better constrain
this escape fraction, we have performed radiation-hydrodynamical simulations of
the growth of H ii regions and their associated photodissociation regions in the ﬁrst
galaxies using the ZEUS-MP code. We ﬁnd that the LW escape fraction crucially
depends on the propagation of the ionisation front (I-front). For an R-type I-front
overrunning the halo, the LW escape fraction is always larger than 95%. If the halo
recombines later from the outside–in, due to a softened and weakened spectrum, the
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LW escape fraction in the rest-frame of the halo (the near-ﬁeld) drops to zero. A
detailed and careful analysis is required to analyse slowly moving, D-type I-fronts,
where the escape fraction depends on the microphysics and can be as small as 3%
in the near-ﬁeld and 61% in the far-ﬁeld or as large as 100% in both the near-ﬁeld
and the far-ﬁeld.
Keywords early universe – cosmic background radiation – dark ages, reionisation,
ﬁrst stars – stars: Population III – radiation: dynamics.
4.1 Introduction
In recent years, several highly luminous quasars have been observed, for example a
1:2  1010 M BH at redshift z  6:3 (Wu et al., 2015) and a 9  109 M BH at
redshift z  7:1 (Mortlock et al., 2011). These objects provide a stern challenge for
current structure formation models as it is not clear yet how BHs can assemble so
much mass during the ﬁrst billion years of the Universe (see a review by Volonteri,
2010).
In addition, the luminous Ly emitter CR7 (Sobral et al., 2015), recently dis-
covered at z = 6:6, is found to have a unique structure. A deep HST image shows
it consists of three clumps, separated by  5 kpc. The most luminous clump does
not show any metal lines, but the two smaller, accompanying clumps do. CR7 is
not only very luminous, but also shows a strong He ii 1640 Å line and therefore
a hard spectrum. Sobral et al. (2015) interpreted this object as a chemically pris-
tine protogalaxy forming a large cluster of Population III (Pop III) stars, but other
authors have argued that it is more likely to be a massive accreting BH (Hartwig
et al. 2015c; Agarwal et al. 2015; Pallottini et al. 2015; Dijkstra et al. 2016, but see
Bowler et al. 2016).
Explaining these observations and understanding how supermassive black holes
(SMBHs) form and grow at high redshift is a topic of active research. On the one
hand, SMBH seeds have been suggested to be remnants from Pop III stars (Madau
and Rees, 2001; Fryer et al., 2001; Inayoshi et al., 2016) with relatively low masses
(102 3 M) that accrete close to the Eddington limit for large fractions of their
lifetime. On the other hand, very massive seeds (104 6 M) could be created by the
direct collapse of primordial gas (Loeb and Rasio 1994b; Eisenstein and Loeb 1995;
Koushiappas et al. 2004; Begelman et al. 2006; Lodato and Natarajan 2006; Latif
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et al. 2013, see Volonteri 2010 for a review).
A necessary condition for the direct collapse scenario is a very massive and hot
(T > 104 K) halo in which gas contracts quasi-isothermally without cooling and
fragmenting. The central clump, to which the halo compresses, contains  10% of
the total gas mass (Bromm and Loeb, 2003). The fate of this clump is not entirely
clear: it may form a massive BH directly, or may form a supermassive star that
subsequently collapses to form a BH. To keep the collapsed gas at high temperatures,
the gas must be metal-free (Omukai et al., 2008) and molecular hydrogen has to be
prevented from forming or must be destroyed in that system, as it would otherwise
cool a pristine halo down to temperatures of 150 K and encourage fragmentation
(Bromm and Loeb, 2003). For this, a critical level of external LW ﬂux is crucial
(e.g. Omukai, 2001; Shang et al., 2010; Wolcott-Green et al., 2011; Agarwal et al.,
2012).
Current work (Smidt, Whalen & Johnson, in prep.) favours the direct collapse
scenario (but see Alexander and Natarajan 2014). Unlike BH seeds originating from
Pop III stars, direct collapse BH (DCBH) seeds are not born starving (Whalen et al.,
2004), but instead retain their fuel supply (Alvarez et al., 2009; Park and Ricotti,
2011). Lower-mass BH seeds are often kicked out of their host halo (Whalen and
Fryer, 2012). As the metal-free clump of CR7 is accompanied by two other clumps,
the question arises whether this is an observed formation place of such a direct
collapse BH.
With this study, we impose additional constraints to the DCBH seed formation
scenario from simulations (see Dijkstra et al. 2014 who show that the number density
of DCBH seeds is highly dependent on the LW escape fraction). The questions we
address in this work are: How much LW radiation can actually escape an atomically
cooling halo and contribute to the LW background? Is shielding by neutral hydrogen
an important mechanism to prevent the built up of the LW background?
We have recently performed a study on LW escape fractions from minihaloes
(Schauer et al. 2015, from here on S15; see also Kitayama et al. 2004), ﬁnding the
escape fraction varying with halo- and stellar mass from 0 to 95%. We adopted two
limiting cases: the near-ﬁeld and the far-ﬁeld. In the near-ﬁeld case, we examine
what would be seen by an observer in the rest-frame of the host halo. This is a
good approximation for when the relative velocity is smaller than the typical width
of the LW lines. In the far-ﬁeld case, we consider an observer who is signiﬁcantly
Doppler shifted with respect to the halo, either due to a large peculiar velocity or
simply due to the Hubble ﬂow. This is the relevant case if we are interested in the
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global build-up of the LW background.
In this new study, we use our existing framework presented in S15 but focus
on more massive haloes (107 - 108 M), typical hosts of the ﬁrst galaxies. Here,
instead of single stars, we focus on radiation from stellar clusters with time-varying
spectral energy distributions (SEDs). We consider several diﬀerent star formation
eﬃciencies (SFEs) and stellar cluster masses, meant to be descriptive of the ﬁrst
galaxies at z  10.
Our paper is structured as follows. In Section 2, we brieﬂy summarize the semi-
analytic methods described in S15 and introduce our numerical simulations. Details
of our parameter space, including the choice of haloes, SEDs and SFEs are described
in Section 3. We present our results in Section 4, where we show the dependence of
the LW escape fractions for all halo, SED and SFE combinations over time in both
near- and far-ﬁeld. In addition, we provide tabulated results with values averaged
over the lifetime of stellar populations. Finally, we discuss our ﬁndings and conclude
in Section 5.
4.2 Method
In this section, we describe the methods used to calculate the LW escape fractions in
the near- and far-ﬁeld limits. The inﬂuence of radiation from a central stellar cluster
on the gas in a surrounding protogalaxy is modelled in 1D using the ZEUS-MP
hydrodynamical code (Section 2.1). The simulation results are then post-processed
to derive the LW escape fraction (Section 2.2).
4.2.1 ZEUS-MP
Our simulations are run with the radiation-hydrodynamics code ZEUS-MP (Whalen
and Norman, 2006). A full description of the code can be found in more detail in
S15. Here, we only give a short overview of the most important features.
The version of ZEUS-MP used in this study couples photon-conserving ionising
UV transport self consistently to non-equilibrium primordial chemistry and hydro-
dynamics to model the growth of cosmological ionisation fronts (I-fronts; Whalen
and Norman, 2006). We include a network of nine chemical species (H, H+, He, He+,
He2+, H , H+2 , H2 and e ). Heating and cooling processes like photoionisation, col-
lisional ionisation, excitation and recombination, inverse Compton scattering from
the CMB, bremsstrahlung emission and H2 cooling mostly following the implemen-
tation in Anninos et al. (1997). Details of the radiative reactions can be found in
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Table 1 of Whalen and Norman (2008a).
The spectra are tabulated as a function of time, in 120 energy bins with 40
uniform bins from 0.755 to 13.6 eV and 80 uniform logarithmically spaced bins from
13.6 eV to 90.0 eV. Since single stars were analysed in S15, we used SEDs that were
constant in time. However, in this work as we are focusing on stellar populations,
we consider time-varying SEDs as described in Section 3.2.
For the simulation, we assume spherical symmetry. The volume is divided into
1000 radial cells, reaching out to about twice the virial radius. We use a logarithmi-
cally spaced grid, allowing us to have high resolution within the inner regions of the
halo without compromising the running time. For 8 out of a total of 30 simulations,
we additionally reﬁne a 20 pc region around the I-front with 20000 cells to achieve
numerical convergence. For all setups, we run comparison simulations with half the
number of cells. In all cases, the results from the comparison simulations diﬀer
by less than 1% from the original simulations, demonstrating that our results have
converged numerically.
4.2.2 Semi-analytical post-processing
After the simulations have run, we calculate escape fractions of LW photons in two
limiting cases, the near-ﬁeld (Section 2.2.1) and the far-ﬁeld (Section 2.2.2). For a
detailed discussion of these two limits, we refer the reader to S15. We summarize
the calculations in the sections below.
Near-field
The near-ﬁeld limit applies in the vicinity of the halo and is the escape fraction
that would be measured by an observer who is at rest with respect to the halo, or
moving with only a low velocity relative to it. In this limit, H2 within the halo can
potentially provide eﬀective self-shielding of the LW lines.
Draine and Bertoldi (1996) and Wolcott-Green and Haiman (2011, hereafter
WH11), have calculated the eﬀects of H2 self-shielding in the low density and LTE
limits, respectively. They provide simple ﬁtting functions describing the shielding as
a function of H2 column density and temperature. LW photons that do not dissociate
H2 molecules or are not absorbed and re-emitted as lower-energy photons, can escape
the halo. For high column densities, H2 can shield itself against LW radiation, or
can be shielded by H. We can therefore equate the escape fraction to the shielding
fraction of molecular, or molecular and neutral hydrogen.
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For the optically thick case (NH2 > 1013 cm 2), we use the shielding functions
from WH11, which depend on the column density NH2 and, via the Doppler width,
on temperature and velocity dispersion of the gas in the halo. We consider two
cases: one in which only H2 contributes, and another where we additionally account
for shielding from neutral hydrogen. In the H2-only case, we use the shielding
functions given in Equation (8) of WH11. When we account for shielding from
atomic hydrogen, we additionally use equations (11) and (12) from the same paper.
For small column densities (NH2 < 1013 cm 2), we set the escape fraction to 1.
Far-field
The far-ﬁeld limit corresponds to the escape fraction that would be measured by an
observer located far away from the halo, moving with a large peculiar velocity or
Hubble ﬂow velocity with respect to it. In this limit, the LW lines in the restframe
of the observer are Doppler shifted and do not coincide with the LW lines in the
halo.
To calculate the escape fraction in this limit, we choose the LW range 11.2 –
13.6 eV (corresponding to a wavelength range of 912 – 1110 Å) and calculate what
fraction of the light in this range will be absorbed by H2 or H in the halo. If we
denote this fraction as fabs, then the far-ﬁeld escape fraction is simply fesc = 1 -
fabs.
To calculate fesc, we ﬁrst compute the dimensionless equivalent width of the full
set of accessible LW lines. To do this, we follow Rodgers and Williams (1974) and
calculate the equivalent width of every line, accounting for both Lorentz broadening
and Doppler broadening.
We then sum the equivalent widths of the individual lines and add to them the
dimensionless equivalent width of all Lyman series transitions of atomic hydrogen
that lie within the energy range of interest, including transitions up to n = 10.
Abgrall and Roueﬀ (1989) and Abgrall et al. (1992) provide data on the total ra-
diative de-excitation rates of the excited states, oscillator strengths and transition
frequencies of molecular hydrogen. Wise and Fuhr (2009) give simulated data for
atomic hydrogen. In a ﬁnal step, we combine the dimensionless equivalent widths
and follow the prescription in Draine and Bertoldi (1996), and divide by the total
width of the LW band. This yields fabs, from which fesc follows trivially.
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Mmin [M] Mmax [M] runtime [Myr] shape
50 500 3.6 Salpeter
9 500 20.2 ﬂat
1 500 20.2 log-normal
0.1 100 20.2 Kroupa
0.1 100 20.2 Kroupa + nebula
Table 4.3.1: Summary of all spectral energy distributions used in this study.
4.3 Parameter Space
In this section, we present our parameter space. We consider two haloes with masses
of 5:6107 (Halo A) and 4108 M(Halo B), three SFEs and ﬁve SEDs that evolve
over time for a given total stellar mass in the halo. The haloes in our study are
taken from cosmological simulations by Latif and Volonteri (2015).
4.3.1 Haloes
We perform our simulations with data from cosmological simulations from Latif and
Volonteri (2015). All three dimensional quantities are mapped onto one dimensional
radial proﬁles. In Halo A, we smooth out a region at radius  20 pc, where a
substructure is falling into the halo. In our one dimensional picture, this provides a
more physical result. In Figure 4.3.1, we show the temperature, density and velocity
proﬁles as well as the initial H2 abundance. Both haloes follow a similar density
proﬁle, but Halo A shows a higher abundance of molecular hydrogen and therefore
lower temperatures in the centre. Both haloes are selected at redshift z = 10 and
assumed to be metal free. The virial radii of the objects are 1.3 and 4.3 physical
kpc, respectively.
4.3.2 Spectral energy distribution
We study SEDs derived from direct sums of individual Pop III stars and from spec-
tral synthesis models of Pop III and Pop III / Pop II stellar populations calculated
with the Yggdrasil and Starburst99 codes. As the IMF of ﬁrst stars is still very un-
certain (Clark et al., 2008; Stacy et al., 2010; Clark et al., 2011; Stacy and Bromm,
2014; Hirano et al., 2014; Stacy et al., 2016), we consider diﬀerent descriptions that
cover the range currently discussed in the literature. A total of 5 initial mass func-
tions (IMFs) for the stars are considered. We use diﬀerent methods for creating the
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Figure 4.3.1: Number density (upper left panel), temperature (upper right panel), H2 abun-
dance (lower left panel) and velocity (lower right panel) proﬁles at startup. Halo A (black
solid line) has a total mass of 5:6  107 M, Halo B (red dashed line) has a total mass of
4 108 M.
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time-dependent SEDs; for a ﬂat IMF (9 – 500 M) we use spectra from Pop III stars
alone, for a Salpeter slope IMF (50 – 500 M) and a lognormal IMF (1 – 500 M),
we make use of the code Yggdrasil and for Kroupa IMFs (0.1 – 100 M), we use a
combination of Yggdrasil and Starburst 99; all details can be found in the following
subsections. For all SEDs, we assume an instantaneous starburst at the beginning.
When the runtime exceeds the lifetime of a star, that star does not explode in a
supernova, but is simply removed from the spectrum. We discuss the validity of
this assumption in Section 4.3. We show the SED for our ﬁducial halo-SFE case
in Figure 4.3.2 for the ﬁrst and last moment of the simulation for all ﬁve SEDs in
terms of dQ=dE, where dQ=dE is the number of photons emitted per second and
per eV. Depending on the SED, the simulation runtimes diﬀer. The SED with a
Salpeter slope ranging from 50 – 500 M lasts for 3.6 Myr, corresponding to the
lifetime of the least massive star. For all other SEDs, we adopt a runtime given by
the lifetime of a 9 M star, 20.2 Myr (Schaerer, 2002). A summary of the SEDs
can be seen in Figure 4.3.3, where we show the number of ionising photons and LW
photons produced as a function of time.
Flat slope IMF from Pop III Stellar Spectra
We create a stellar population from a ﬂat slope IMF within the mass range 9 –
500 M, using the stellar SEDs and same methodology as in Mas-Ribas et al. (2016);
we refer the reader to that work for a detailed description of the calculations. These
authors used parameters from Schaerer (2002) and Marigo et al. (2001), and assumed
the stars to be metal-free and to reside on the main sequence. We account for the
stellar evolution over time by simply removing from the calculation the stars that
reach the end of their lives. This SED is considered a radiation source until the
least massive star disappears, tend = t9M = 20.2 Myr.
Salpeter and lognormal IMF created with Yggdrasil
To generate SEDs for Pop III star clusters with the Yggdrasil spectral synthesis
code, we sum the spectra of its constituent stars (Zackrisson et al., 2011; Rydberg
et al., 2015). The cluster is assumed to form instantaneously. In summing the
spectra of individual stars to obtain an SED we consider two top-heavy IMFs. One
is a Salpeter-like extremely top-heavy IMF ranging from 50 – 500 M with a typical
mass of 100 M (Schaerer, 2002). The second is a log-normal distribution IMF
with a typical mass of 10 M and the standard deviation of the underlying normal
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Figure 4.3.2: SEDs for a SFE of 0.5% in Halo A. Diﬀerent colours and linestyles mark dif-
ferent SEDs: a Salpeter IMF (olive solid line), a ﬂat IMF (dark blue dashed line), a lognormal
IMF (green dot-dashed line), a Kroupa IMF without nebular emission (black dotted line) and
a Kroupa IMF with nebular emission (light blue dot-dot-dot-dashed line). The upper panel
shows the initial spectrum, the lower panel, shows the ﬁnal spectrum at the cut-oﬀ of the sim-
ulation at 3.6 and 20.2 Myr, for the Salpeter and other IMFs, respectively.
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Figure 4.3.3: Ionising (upper panel) and Lyman-Werner (lower panel) photon production
rates for all SEDs for a SFE of 0.5% in Halo A. The colour-coding is the same as in Fig-
ure 4.3.2.
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distribution  = 1:0, ranging from 1 M to 500 M (Raiter et al. 2010, see Tumlinson
2006). Yggdrasil provides spectra for star clusters for ages of up to 3:6 Myr for the
extremely top-heavy IMF, which is the lifetime of the longest-lived star in the cluster.
The log-normal distribution is turned oﬀ after 20.2 Myr.
Kroupa IMF with and without nebular emission created with Yg-
gdrasil / Starburst99
The purely stellar SEDs are based on synthetic spectra from Raiter et al. (2010)
for absolute metallicities Z = 10 7 and Z = 10 5 and Starburst99 (Leitherer et al.,
1999) with Geneva high mass-loss tracks in the case of Z = 0:001, 0.004, 0.008
and 0.020. Nebular emission has been added using the Cloudy photoionisation code
(Ferland et al., 2013) with parameters as in Zackrisson et al. (2011), under the
assumption of no Lyman continuum leakage and no dust. The stellar SEDs have
been rescaled in all cases to be consistent with the Kroupa (2001) stellar initial mass
function.
We point out here that there are some physical limitation of the Kroupa plus
nebular emission case. In principle, the radiation in the halo would be a mixture
of starlight and nebular emission. No datasets of mixed SED grids are available at
this time, and we simply add the nebular to the stellar emission. Thus we urge the
reader to treat this case as an extreme limit where the nebular emission has been
maximised. Excluding the Kroupa plus nebular emission case from our work does
not qualitatively change our results.
4.3.3 Star Formation Efficiencies
The SEDs from the previous section are normalised to a total number of stars,
calculated for each halo. For the ﬁducial case, we adopt the stellar to virial mass
ratio from O’Shea et al. (2015)






which is valid in the mass range 107 MMvir  108:5 M. Our most massive halo,
Halo B with Mvir = 108:6 M, is slightly outside this range and we overestimate the
stellar mass by a small amount.
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Mvir [M] Mb [M] M? [M] f? [%] SFE [%]
Halo A, ﬁducial 5:6 107 9:4 106 4:6 104 0.082 0.5
Halo A, lower limit 9:4 103 0.015 0.1
Halo A, upper limit 9:4 104 0.15 1.0
Halo B, ﬁducial 4:0 108 6:7 107 1:4 106 0.35 2.1
Halo B, lower limit 6:7 105 0.16 1.0
Halo B, upper limit 3:3 106 0.79 5.0
Table 4.3.2: Star formation eﬃciencies and the corresponding stellar masses for both haloes.
The ﬁducial SFEs are calculated using a formula relating the mass in stars to the total mass
from O’Shea et al. (2015); see Equation 1.





where Mb is the baryonic mass in a halo approximated by Mb = 
b=
0 Mvir.
Using the values from Jarosik et al. (2011), 
b = 0:0456 and 
0 = 0:2726, we derive
SFEs of 0.5% (Halo A) and 2.1% (Halo B). In addition, we adopt an upper and a
lower SFE limit on each halo, ranging from 0.1% to 5.0%. All properties are listed
in Table 4.3.2.
For our lower limit SFE of 0.1% in Halo A we get a total of  104 M in stars.
Mas-Ribas et al. (2016) show that for a total stellar mass of 103 M, there is a factor
of few diﬀerence in the LW ﬂux for diﬀerent stochastically sampled IMFs, but this
is much reduced for  104 M in stars.
4.4 Results
Consistent with S15, we ﬁnd that the LW escape fraction depends on the evolution
of the ionisation front (I-front). In a completely ionised halo, the escape fraction
is 100%, but when the I-front retreats or only slowly expands, molecular hydrogen
production is enhanced, allowing it to self-shield. The propagation of the I-front is
therefore an important quantity for the calculation of the escape fraction. We iden-
tify three diﬀerent ways the I-front can behave and discuss one prominent example
of each type in detail in Section 4.1. In the following subsections we will tabu-
late the time-averaged escape fractions in both near-ﬁeld (Section 4.2) and far-ﬁeld
(Section 4.4) as well as the escape fraction averaged over the LW ﬂux (Section 4.3).
We also present estimates for the ionising escape fractions based on the position of
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Figure 4.4.1: Position of the I-front (black solid line; left axis) and LW escape fraction in the
near-ﬁeld (red dot-dashed line; right axis) as a function of time for a 1.0% SFE with a Salpter
IMF in Halo B. The virial radius is shown by a black dotted line.
the I-front in Section 4.5. The escape fractions we provide are lower limits: our
one dimensional simulations cannot capture asymmetric break-out along directions
of minimum column density and we expect radiation to break out faster in some
low-density regions.
4.4.1 Individual ionisation front behaviour
Outbreaking ionisation front
In the case of a strong radiation source, the ionisation front quickly breaks out of
the halo. Simultaneously, the escape fraction jumps up to 100% because there is no
molecular hydrogen within the ionised region. The lower limit case SFE (1%) for
our Salpeter SED in Halo B provides a prominent example. Figure 4.4.1 displays
the position of the I-front and the LW escape fraction in the near-ﬁeld as a function
of time.
The abundances of the main chemical species can be seen in Figure 4.4.2 for
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Figure 4.4.2: Abundances of the primordial species as a function of radius for four output
times for a 1.0% SFE with a Salpter IMF in Halo B. The black solid line shows the number
density of the gas against radius (corresponding to the label on the right side of the plots).
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four diﬀerent output times. All species are colour coded. The black solid line shows
the number density in cm 3. Initially (upper left panel), the halo is mostly neutral
with only a small amount of ionised hydrogen outside 200 pc. Already at 0.02 Myr
(upper right panel), a very steep I-front has advanced out to 9 pc, indicated by
the turquoise H ii region that has a sharp transition to the light blue neutral H
outer region. The I-front continues to proceed as an R-type I-front through the
halo and crosses the virial radius at 0.08 Myr (lower left panel). Helium is doubly
ionised out to 1000 pc. The density still shows its initial proﬁle. At the end of the
simulation, at 3.6 Myr (lower right panel), the halo is still completely ionised. The
expansion of the ionised gas has started to drive a shock front outwards, but this
has only reached 200 pc. It is therefore well within the H ii region and hence is not
relevant for our LW escape fraction calculation. Throughout the simulation, the H2
abundance remains much smaller than 10 4 and the halo is optically thin to LW
radiation. The time-averaged LW escape fraction in the near-ﬁeld therefore is 99%
in this case. In general,
f
(o)
esc;LW  0:95 (4.3)
for both the near-ﬁeld and far-ﬁeld limit in all models with I-front breakout (indi-
cated by the superscript (o)).
Outbreaking and returning ionisation front
Similar to the case just mentioned, here, the ionisation front quickly advances
through the halo, leading to a sudden increase in the LW near-ﬁeld escape frac-
tion from 0 to 100% at the beginning of the simulation. However, after some time,
the radiation source weakens and produces fewer ionising photons. As a result,
these haloes quickly recombine in an outside-in fashion, triggering the production of
molecular hydrogen. The near-ﬁeld escape fraction drops to 0% when recombination
sets in.
This can be clearly observed in the lower limit SFE case of a ﬂat IMF in Halo
B. In Figure 4.4.3, a fast outbreak of the I-front yields a LW escape fraction of
100% almost immediately after the simulation starts. The abundances and number
density are displayed in Figure 4.4.4. At 2.6 Myr (upper left panel), the halo is still
completely ionised, but as the spectrum weakens, at 3.0 Myr (upper right panel),
the outer part of the halo partly recombines. One can observe that at 3.4 Myr
(middle left panel), the recombination proceeds outside-in. At 4.0 Myr (middle
right panel), the I-front has moved back to the shock-front position. Here, the high
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Figure 4.4.3: Position of the I-front (black solid line) and LW escape fraction in the near-ﬁeld
(red dot-dashed line) as a function of time for a 1.0% SFE with a ﬂat IMF in Halo B.
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Figure 4.4.4: Abundances of the primordial species as a function of radius for six output
times for a 1.0% SFE with a ﬂat IMF in Halo B.
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Figure 4.4.5: Position of the I-front (black solid line) and LW escape fraction in the near-ﬁeld
(red dot-dashed line) as a function of time for a 0.1% SFE with Salpeter IMF in Halo A.
density and the large fraction of free electrons produce the ideal environment for the
formation of molecular hydrogen. The H2 abundance peaks close to 0.01 and hinders
all LW photons from escaping in the near-ﬁeld. Molecular hydrogen continues to
form outside of the shock-front of the halo at later times (8.1 Myr, lower left panel)
until the end of the simulation (at 20.2 Myr, lower right panel). The time-averaged
near-ﬁeld escape fraction is only 16%, as after the outside-in recombination in the
halo, LW photons are blocked completely. The LW near-ﬁeld escape fraction can








where treturn is the point in time when the I-front starts moving backwards through
the halo and ttotal is the total runtime of the simulation.
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Figure 4.4.6: Abundances of the primordial species as a function of radius for six output
times for a 0.1% SFE with a Salpeter IMF in Halo A.
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Slowly moving ionisation front
In the case of a weak radiation source, a D-type I-front advances slowly through the
halo. At its border, the many free electrons trigger massive production of H2 and
the dense thin shell that builds up reaches optical depths that can shield the LW
radiation (see also Ricotti et al. 2001). Our calculations depend critically on the
thickness and peak abundance of the H2 shell. This requires speciﬁc consideration
and we have to implement a region of high numerical resolution at the position of
the I-front. We adopt a challenging technique where we resolve a 20 pc wide region
that is bracketing and moving with the I-front with a resolution of 0.001 pc. In
order to keep the computational time manageable, the ﬁrst 5% of the simulations
are run with our standard resolution, introducing a maximum error of 5% in the
time-averaged LW escape fraction.
As an example, in Figure 4.4.5 we show the I-front position and the escape
fraction as a function of time for a 0.1% SFE and Salpeter IMF in Halo A. The
initial 5% of the simulation had to be run without the reﬁnement around the I-front
and therefore shows a LW near-ﬁeld escape fraction that is probably too low. In the
upper left panel of Figure 4.4.6 we show the abundances of all species at 0.4 Myr.
The I-front and the shock front move together. A thin shell of molecular hydrogen
with peak abundances reaching above 10 6 forms at the position of the I-front that
is able to shield some of the LW radiation. The thin H2 shell continues moving with
the I-front and shock front (upper right panel and middle left panel). From 2.3 Myr
on (middle right panel), the spectrum starts to weaken and the molecular hydrogen
shell starts to get stronger, preventing more LW radiation from escaping the halo.
At 3.0 Myr (lower left panel), the He2+ abundance decreases and the I-front starts
to turn back. The shell of molecular hydrogen gets thicker, and at the end of
the simulation at 3.6 Myr (lower right panel), all LW radiation is prevented from
escaping the halo (in the near-ﬁeld approximation). Averaged over the runtime of
the simulation, the LW escape fraction in this example is 63%. For a slowly moving
I-front, we cannot give a simple approximation, in contrast to the outbreaking or
returning I-front cases.
4.4.2 Time-averaged escape fractions in the near-field
For all SFE, SED and halo combinations, we average the LW escape fraction over
the runtime of the simulation, 20.2 Myr (or 3.6 Myr for the Salpeter IMF). We list
the corresponding escape fractions in Table 4.4.1.
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Salpeter ﬂat log-normal Kroupa Kroupa shielding
+ nebula
SFE 50–500 M 9–500 M 1–500 M 0.1–100 M 0.1–100 M
0.1 63 (s) 3 (s) 38 (s) 58 (s) 63 (s) H2 only
0.5 93 (r) 11 (r) 26 (r) 88 (s) 90 (s)
1.0 99 (o) 13 (r) 44 (r) 90 (s) 92 (s)
0.1 59 (s) 3 (s) 37 (s) 47 (s) 51 (s) H2 and H
0.5 93 (r) 11 (r) 26 (r) 84 (s) 86 (s)
1.0 99 (o) 13 (r) 44 (r) 88 (s) 89 (s)
1.0 100 (o) 16 (r) 61 (r) 66 (r) 70 (r) H2 only
2.1 100 (o) 18 (r) 78 (r) 86 (r) 88 (r)
5.0 100 (o) 20 (r) 94 (r) 96 (r) 97 (r)
1.0 99 (o) 16 (r) 61 (r) 64 (r) 68 (r) H2 and H
2.1 100 (o) 18 (r) 78 (r) 84 (r) 86 (r)
5.0 100 (o) 20 (r) 94 (r) 95 (r) 96 (r)
Table 4.4.1: Time-averaged LW escape fractions in the near-ﬁeld, averaged over the runtime
of the simulation. All values are given in percent. The upper six rows refer to Halo A, the
lower six rows to Halo B. The upper three rows of haloes A and B, respectively, are calculated
with H2 shielding only, the lower three rows with H and H2 shielding. The letter in parenthe-
ses refers to the case of I-front behaviour: (o) stands for outbreaking I-front, (r) for returning
I-front and (s) for slowly moving I-front.
Salpeter ﬂat log-normal Kroupa Kroupa shielding
+ nebula
SFE 50–500 M 9–500 M 1–500 M 0.1–100 M 0.1–100 M
0.1 54 (s) 27 (s) 29 (s) 41 (s) 48 (s) H2 only
0.5 87 (r) 94 (r) 45 (r) 57 (s) 64 (s)
1.0 97 (o) 100 (r) 85 (r) 66 (s) 72 (s)
0.1 54 (s) 27 (s) 28 (s) 40 (s) 47 (s) H2 and H
0.5 87 (r) 93 (r) 44 (r) 56 (s) 63 (s)
1.0 97 (o) 99 (r) 84 (r) 65 (s) 71 (s)
1.0 99 (o) 100 (r) 97 (r) 46 (r) 58 (r) H2 only
2.1 100 (o) 100 (r) 99 (r) 70 (r) 76 (r)
5.0 100 (o) 100 (r) 100 (r) 92 (r) 93 (r)
1.0 99 (o) 99 (r) 96 (r) 45 (r) 58 (r) H2 and H
2.1 99 (o) 99 (r) 98 (r) 69 (r) 75 (r)
5.0 99 (o) 99 (r) 99 (r) 91 (r) 92 (r)
Table 4.4.2: Time-averaged LW escape fractions in the near-ﬁeld, averaged over the ﬁrst two
Myr. All values are given in percent. The upper six rows refer to Halo A, the lower six rows to
Halo B. The structure of the rows is as in Table 4.4.1.
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Shielding by neutral hydrogen only makes a slight diﬀerence: the LW escape
fractions are at most 16% higher if we only consider H2 self-shielding compared to
the case where we also account for shielding from H. In many cases the diﬀerence is
negligible. This result is in contrast to S15, where we found signiﬁcantly lower LW
escape fractions when including shielding by neutral hydrogen.
As expected, a higher SFE increases the LW escape fraction. This can be ob-
served in both haloes and for all SEDs. Outbreaking I-fronts lead to LW escape
fractions  95%. For slowly moving or returning I-fronts, the values can be as small
as 3%. This is mostly observed for the case of a ﬂat SED ranging from 9 to 500 M
where many massive stars die at the beginning of the simulation leading to a much
weaker ionising source of photons later on. As soon as the more massive stars have
died, the production of molecular hydrogen sets in and the halo becomes optically
thick for the majority of the runtime of the simulations. In all other simulations,
the change in spectrum is not as extreme and ionising photons are produced for a
longer period, leading to higher LW escape fractions.
Our simulations assume that no stars explode as supernovae. Instead, at the
end of their lives, we simply remove their contributions from the SED. We made
this simplifying assumption for several reasons. First, we expect the dynamics of
the supernova remnant to be highly sensitive to the 3D matter distribution in the
protogalaxy (see e.g. Mac Low and Ferrara 1999). It is therefore questionable how
well we can represent their eﬀects in the simpliﬁed geometry of a 1D model. Sec-
ond, considerable uncertainties still exist regarding the ﬁnal masses and explosion
energies of Pop III stars. In particular, the eﬀects of rotation-driven mass loss may
be signiﬁcant but not yet fully understood (Ekström et al., 2008). Finally, the su-
pernovae that explode may be unable to clear all of the gas from the protogalaxy,
thus resulting in a system polluted by metals and dust. Our assumption of a pri-
mordial gas composition may then become highly inaccurate, depending on the ﬁnal
metallicity of the gas.
Nevertheless, once stars begin to explode as supernovae, it is possible that they
will rapidly drive gas out of the protogalaxy, leading to escape fractions quickly
reaching 100%. To account for this possibility, we have computed LW near-ﬁeld
escape fractions that are averaged over only the ﬁrst 2 Myr, rather than over the
lifetime of the longest-lived massive star (Table 4.4.2). Two Myr corresponds to the
lifetime of stars of a few hundred solar masses (Schaerer, 2002) and we can safely
assume that no supernovae exploded earlier.
Most LW escape fractions averaged over 2 Myr are high; for SFEs with a ﬂat
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Salpeter ﬂat log-normal Kroupa Kroupa shielding
+ nebula
SFE 50–500 M 9–500 M 1–500 M 0.1–100 M 0.1–100 M
0.1 66 27 50 55 60 H2 and H
0.5 92 92 61 82 85
1.0 99 99 82 86 88
1.0 100 100 91 74 78 H2 and H
2.1 100 100 96 89 90
5.0 100 100 99 97 97
Table 4.4.3: LW ﬂux averaged LW escape fractions in the near-ﬁeld, averaged over the total
LW ﬂux of the simulation. All values are given in percent. The upper three rows refer to Halo
A, the lower three rows refer to Halo B. Shielding by H2 only and by the combination of H
and H2 yields the same results.
IMF in Halo B this behaviour is most pronounced. The four outbreaking I-front
cases show slightly reduced LW escape fractions, but only down to 97%. This change
occurs because the initial few timesteps until outbreak with escape fractions smaller
than 100% now carry a slightly larger weight. For slowly moving I-fronts, the LW
escape fraction decreases (with the exception of a 0.1 SFE ﬂat IMF in Halo A). Here,
the LW escape fraction slowly increases over time as the I-front moves through the
halo. These last results need to be taken as lower limits as we have to run the
slowing moving I-front simulations with higher resolution, but can do so only after
1 Myr (0.18 Myr for the Salpeter IMF) due to the high computational costs of the
required reﬁnement technique. LW escape fractions of returning I-fronts decrease
or increase depending on when the I-front ﬁrst breaks out (in the case of a Kroupa
IMF quite late) and starts to return. We therefore cannot give a general trend.
4.4.3 LW flux-averaged escape fractions in the near-field
The LW ﬂux of the SED is decreasing over time (compare Figure 4.3.3) by factors
of up to 4  104 in the case of the ﬂat IMF. We therefore provide the LW escape
fraction weighted by the LW ﬂux emitted by the stellar source rather than averaged
over time. We list these values in Table 4.4.3 and show them in Figure 4.4.7. Except
for a SFE of 0.1%, the escape fraction is always larger than 75%. The diﬀerence to
the time-averaged LW escape fraction from Section 3.2 is most signiﬁcant for the
ﬂat IMF, as in that case, the LW escape fraction drops when the LW ﬂux drops
and the overall contribution is small. Additional shielding by atomic hydrogen does
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Figure 4.4.7: Flux-averaged LW escape fractions in the near-ﬁeld for our parameter space.
Diﬀerent SEDs are shown by diﬀerent symbols, Halo A is colour-coded in light blue, Halo B in
black.
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Salpeter ﬂat log-normal Kroupa Kroupa shielding
+ nebula
SFE 50–500 M 9–500 M 1–500 M 0.1–100 M 0.1–100 M
0.1 98 73 96 99 100 H2 only
0.5 99 85 96 100 100
1.0 100 84 98 100 100
0.1 79 61 83 68 68 H2 and H
0.5 91 78 88 84 84
1.0 94 79 90 86 86
1.0 100 85 99 99 100 H2 only
2.1 100 86 100 100 100
5.0 100 88 100 100 100
1.0 97 76 91 87 87 H2 and H
2.1 98 78 93 90 90
5.0 99 80 95 93 93
Table 4.4.4: Time-averaged LW escape fractions in the far-ﬁeld. All values are given in per-
cent. The upper six rows refer to Halo A, the lower six rows to Halo B. The upper three rows
of haloes A and B, respectively, are calculated with H2 shielding only, the lower three rows
with H and H2 shielding.
not decrease the LW escape fraction in this limit by more than 0.5%. Therefore we
only provide the escape fraction obtained by considering both H2 and H shielding
together.
4.4.4 Time-averaged escape fractions in the far-field
In the far-ﬁeld, the LW escape fractions are generally larger than in the near-ﬁeld,
varying from 59% to 100%. Our values are listed in Table 4.4.4. Including shielding
by neutral hydrogen can reduce the LW escape fraction by up to 29% (comparing
0.1% SFE with a Kroupa SED in Halo A) and thus should not be forgotten in
simulations. For the ﬁducial SFE, all LW escape fractions are higher than 75% and
we conclude that the host haloes of the ﬁrst galaxies do not suppress the build-up
of the LW background by a large factor.
4.4.5 Lower limits for ionising escape fractions
Since we track the position of the I-front through the halo, we are able to calculate
the escape fractions of ionising photons as well. The values need to be taken as a
ﬁrst order approximation only, since our one dimensional setup prevents us from
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Salpeter ﬂat log-normal Kroupa Kroupa
+ nebula
SFE 50–500 M 9–500 M 1–500 M 0.1–100 M 0.1–100 M
0.1 0 0 0 0 0
0.5 85 10 18 0 0
1.0 96 13 36 0 0
1.0 98 17 54 26 26
2.1 99 19 66 42 42
5.0 100 22 84 58 58
Table 4.4.5: Time-averaged ionising escape fractions in the near-ﬁeld. All values are given in
percent. The upper three rows refer to Halo A, the lower three rows to Halo B. All values are
derived from the position of the I-front and provide lower limits.
seeing the outbreak of ionised cones like authors recently do with high-resolution
three dimensional studies (Ritter et al., 2012; Paardekooper et al., 2015; Stacy et al.,
2016).
The escape fraction of ionising photons is determined by the position of the I-
front alone. For each simulation-output, we check if the I-front has crossed the virial
radius, in which case we take fesc;ion(t) = 1; otherwise, fesc;ion(t) = 0. Averaging
these values over the runtime of the simulation yields the ionising escape fractions
fesc;ion, listed in Table 4.4.5.
The values of fesc;ion are similar to fesc;LW in the near-ﬁeld for the case of an
outbreaking or a returning I-front, since the LW escape fractions depend critically
on the position of the I-front. For the case of a slowly moving I-front that never
crosses the virial radius, we obtain ionising escape fractions of zero while the LW
escape fractions vary from 3% to 85% in the near-ﬁeld. In these cases, the outer
halo is optically thick to ionising photons, but optically thin to LW photons.
4.5 Discussion and Conclusion
We studied a multidimensional grid of parameters to calculate the LW escape frac-
tions in both the near-ﬁeld and the far-ﬁeld limit. We consider two haloes of 5:6107
and 4:0 108 M, that are irradiated by a stellar population in their centre. Diﬀer-
ent SEDs, ranging from a Salpeter IMF between 50 and 500 M to a Kroupa IMF
between 0.1 and 100 M, combined with SFEs between 0.1% and 5.0% are taken
into account.
We ﬁnd that the near-ﬁeld LW escape fraction depends on the motion of the
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I-front and we therefore group our results into three diﬀerent ways the I-front can
behave:
• For an outbreaking I-front, the LW escape fraction in the near-ﬁeld is f (o)esc 
95%. This is obtained for SFEs greater than 0.5% with a Salpeter slope IMF
ranging from 50 to 500 M: the I-front overruns the halo and all gas is ionised
for the rest of the simulation.
• In the case of a spectrum that weakens substantially over time, haloes recom-
bine outside-in. Large numbers of free electrons still present in the outer parts
of the halo lead to the aforementioned molecular hydrogen formation in the
outer part of the halo. The halo becomes optically thick. The LW escape
fraction can be approximated by f (r)esc  treturn=ttotal, where treturn is the time
when the recombination sets in and ttotal is the runtime of the simulation.
• For a slowly moving I-front, the LW escape fraction can be as small as 3%
and as large as 88%, depending on a thin shell of molecular hydrogen that
builds up at the position of the I-front. In this case, the stellar radiation acts
as an agent of negative feedback that enhances the abundance of molecular
hydrogen and suppresses the LW background (see also Ricotti et al. 2001,
discussing H2-shell formation in the IGM).
Out of 30 simulations, we ﬁnd 4 overrunning, 17 returning and 9 slowly moving
I-fronts.
In the far-ﬁeld, all LW escape fractions are much larger than in the near-ﬁeld,
as we are shifting out of the line centres and average the LW escape fraction over
the whole LW energy range. Here, shielding by neutral hydrogen starts to play a
role since Lyman lines of H and higher, that lie inside the LW range, become very
broad (Haiman et al., 2000). Neutral hydrogen is able to reduce the LW escape
fraction in the far-ﬁeld by up to 29%. In general, all LW escape fractions in the
far-ﬁeld are higher than 75% in the ﬁducial case and the halo only slightly hinders
the build-up of the LW background.
We also tabulated values of the ionising escape fractions for our parameter space,
depending on the position of the I-front relative to the virial radius. For slowly
moving I-fronts, this value equals zero, since the I-front does not reach out to the
virial radius at any time in our simulation. For simulations where the I-front quickly
breaks out of the halo, the ionising escape fractions are larger than 95%. If the I-
front ﬁrst breaks out and later returns due to outside-in recombination of the halo,
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the escape fraction ranges from 10% to 85%.
The biggest drawback of this study is our 1D approach. In 3D simulations,
ionising photons break cones into the haloes, following low-density regions. We
expect our LW escape fractions to be close to 1 in these directions, leading to an
overall higher fesc;LW. We therefore consider our LW escape fractions to be lower
limits.
Additionally, our UV source is placed in the centre of our 1D halo and all relative
velocities of the contributing stars are neglected. For the slowly moving I-front cases,
the LW near-ﬁeld escape fractions are underestimated in this work. For outbreaking
or returning I-fronts, the abundance of molecular hydrogen is either too low or too
high to be inﬂuenced by relative motions at the centre of the halo.
We have shown in this study that the LW escape fraction from the ﬁrst galaxies
is high. Unless a protogalaxy harbours a star cluster with ﬂat IMF or forms stars
with a low  0:1% SFE, a large fraction of its LW radiation can escape from the
host halo. The LW escape fractions in the far-ﬁeld exceeds 60% in all cases. We
thus conclude that the gas present in the host halo of a stellar cluster with 104 M
to a few times 106 M in stars cannot prevent the build-up of the LW background.
The recently observed Ly system CR7 at z = 6:6 (Sobral et al., 2015) is com-
prised of two star-forming components and one seemingly metal-poor component
(however see Bowler et al., 2016). Agarwal et al. (2015) showed that the star-forming
components can easily produce the LW radiation ﬁeld required for DCBH formation
in the metal-poor clump. For an exponentially declining star formation history, they
ﬁnd that DCBH formation can occur in similar systems as early as z  20, if the
star-forming component consists of a DM halo or haloes of MDM  5 108 M and
a SFE of 8% or larger (Agarwal et al. in preparation). This closely matches our case
of Halo B forming stars at its upper limit of SFE 5% with the same underlying
IMF and stellar mass cut–oﬀs. Given the separation between the star-forming com-
ponent and the metal-poor component of CR7 over which the LW feedback allows
for DCBH formation (Agarwal et al. 2016), we can apply our near-ﬁeld limit. Thus
we can conclude that the star-forming component of CR7 type systems could have
an escape fraction as high as 96% at onset of DCBH formation.
In general, the near-ﬁeld can be applied to neighbouring systems that move
with no or only a small velocity relative to the halo emitting LW radiation. The
critical relative velocity separating the two regimes depends on the strength of the
LW absorption lines in the emitting halo. When the lines are weak and dominated
by thermal broadening, vcrit ' vth;H2 , the thermal velocity of the H2, which in our
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simulated haloes is typically 7–15 km s 1. On the other hand, if the main LW lines
are strong and dominated by Lorentz broadening (i.e. if the near-ﬁeld LW escape
fraction is very small), then the linewidths and hence the critical relative velocity
can both be much larger.
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Abstract We study the inﬂuence of a high baryonic streaming velocity on the
formation of direct collapse black holes (DCBHs) with the help of cosmological
simulations carried out using the moving mesh code arepo. We show that a
streaming velocity that is as large as three times the root-mean-squared value is
eﬀective at suppressing the formation of H2-cooled minihaloes, while still allowing
larger atomic cooling haloes (ACHs) to form. We ﬁnd that enough H2 forms in
the centre of these ACHs to eﬀectively cool the gas, demonstrating that a high
streaming velocity by itself cannot produce the conditions required for DCBH
formation. However, we argue that high streaming velocity regions do provide
an ideal environment for the formation of DCBHs in close pairs of ACHs (the
“synchronised halo” model). Due to the absence of star formation in minihaloes,
the gas remains chemically pristine until the ACHs form. If two such haloes form
with only a small separation in time and space, then the one forming stars earlier
can provide enough ultraviolet radiation to suppress H2 cooling in the other,
allowing it to collapse to form a DCBH. Baryonic streaming may therefore play a
crucial role in the formation of the seeds of the highest redshift quasars.
Keywords black hole physics – stars: Population III – (cosmology:) early
Universe – (galaxies:) quasars: supermassive black holes.
5.1 Introduction
Massive black hole seeds that can form through gravitational collapse of very mas-
sive progenitors, (Chandrasekhar, 1964), can be invoked to explain the observations
of quasars at very early times in the Universe (Wu et al., 2015; Mortlock et al., 2011;
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Fan et al., 2006). The direct collapse (DC) model (Loeb and Rasio, 1994a; Oh and
Haiman, 2002; Bromm and Loeb, 2003; Begelman et al., 2006; Regan and Haehnelt,
2009a,b) of super-massive black hole (SMBH) formation requires that massive ob-
jects form in near pristine atomic cooling haloes in which Population III (Pop III)
star formation has been suppressed. The suppression of previous episodes of star
formation means that metal enrichment is obviated. Pop III star formation can be
restrained by removing the primary gas coolant, H2, or alternatively by increasing
the minimum halo mass required for collapse due to the impact of streaming motions
as we shall see.
One avenue that has been explored by many authors to suppress H2 formation is
radiative feedback from the surrounding galaxies in the Lyman-Werner (LW) band
(Shang et al., 2010; Agarwal et al., 2012; Regan et al., 2014; Latif et al., 2014a; Agar-
wal et al., 2014; Agarwal and Khochfar, 2015; Hartwig et al., 2015b; Regan et al.,
2016a). LW radiation readily dissociates H2 through the two step Solomon process
(Field et al., 1966; Stecher and Williams, 1967a). For high star formation eﬃcien-
cies or single, massive Pop III stars, most of the LW radiation can escape the host
galaxy or minihalo (Schauer et al., 2015, 2017a). If the intensity of the LW radia-
tion is suﬃcient, H2 is dissociated and cooling is suppressed in low mass minihaloes.
The halo then continues to accrete mass all the way up to and beyond the atomic
line cooling limit. Halo collapse can then begin once Lyman- line cooling becomes
eﬀective and contraction proceeds isothermally at approximately Tgas  8000 K.
In this case, the strength of the background required depends both on the spectral
shape of the sources and on their proximity with respect to the target halo (Dijkstra
et al., 2008; Sugimura et al., 2014; Agarwal et al., 2016). There is general consensus
within the literature that the critical value of the background required to suppress
H2 formation throughout the entire halo is Jcrit  1000 J21 for a background domi-
nated by emission from stars with an eﬀective temperature Te  5 104 K, where
J21 = 10
 21 erg cm 2 s 1 Hz 1 sr 1. If there is also a non-negligible X-ray back-
ground, then the required value can be even higher (Inayoshi and Tanaka, 2015;
Glover, 2016; Regan et al., 2016b). A much milder intensity level, say J . 100 J21,
is enough to delay Pop III formation until a halo reaches the atomic cooling limit,
but in this case H2 readily forms in the self-shielded core of the ACH, resulting in
rapid Pop III formation (e.g. Fernandez et al., 2014; Regan et al., 2017).
The value of Jcrit is orders of magnitude higher than the typical strength of
the Lyman-Werner background at the relevant redshifts, even if one accounts for
clustering of sources (Ahn et al., 2009). Radiation ﬁelds of the required strength
99
100 5.1. INTRODUCTION
will therefore only be encountered in unusual circumstances. One promising way in
which a ﬁeld of the required strength can be produced is the synchronised halo model
(Dijkstra et al., 2008; Visbal et al., 2014b; Regan et al., 2017; Agarwal et al., 2017).
This model supposes that occasionally two ACHs will be found in close proximity.
If both haloes remain chemically pristine until the onset of atomic cooling, and if
the collapse times of the haloes are suﬃciently similar, then Pop III star formation
can begin in the ﬁrst halo before the second has ﬁnished collapsing. The resulting
irradiation from the more evolved system provides a suﬃciently strong LW radiation
ﬁeld to suppress cooling in the secondary (proto-)galaxy, which therefore becomes
an ideal location for the formation of a DCBH. However, for this model to work,
it is necessary to suppress H2 formation in both haloes until they become massive
enough to atomically cool. If this is accomplished via LW feedback, the required
ﬁeld strength is J & 100 J21, which is still somewhat higher than the typical strength
of the LW background.
Another, perhaps more natural, mechanism for delaying Pop III star formation
is via streaming of the baryons with respect to the dark matter. This eﬀect, elu-
cidated by Tseliakhovich and Hirata (2010), is a result of the initial oﬀset between
the baryonic velocites and the dark matter velocities after recombination. The ve-
locity oﬀset between baryons and dark matter decays as v / (1 + z), but oﬀsets
as large as 9 km s 1are still possible at z  100. The impact of this streaming
motion on Pop III star formation have been investigated by several authors with
general agreement that the minimum halo mass required for Pop III star formation
is increased in the presence of large-scale streaming velocities (Stacy et al., 2011;
Greif et al., 2011b; Naoz et al., 2013, Schauer et al. 2017b in prep) as the baryons
require a larger gravitational potential in which they can virialise due to the addi-
tional streaming velocity. Therefore, streaming motions are not thought to have a
large eﬀect on ACHs illuminated with LW radiation ﬁelds with strengths greater
than Jcrit (i.e. haloes which would form DCBHs even without the streaming; see
Latif et al. 2014a for details). However, Tanaka and Li (2014) argue that very large
streaming velocities may suppress Pop III star formation entirely in some haloes,
allowing pristine haloes above the atomic cooling limit to form, thereby providing
ideal locations in which DCBHs can form without requiring an extremely strong LW
radiation ﬁeld. This model has been criticised by Visbal et al. (2014a), who concede
that streaming can suppress H2 formation in minihaloes but argue that in ACHs, H2
formation in dense collapsing gas is inevitable, regardless of the streaming velocity,
unless the gas is illuminated by a strong LW radiation ﬁeld. Other models which
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can successfully suppress H2 cooling and delay PopIII formation have been put for-
ward by Inayoshi and Omukai (2012) (collisional dissociation by shocks), Fernandez
et al. (2014) (rapid accretion in a mild LW background) and Inayoshi et al. (2015)
(proto-galactic collisions) among other. However, here we focus on streaming veloc-
ities as a mechanism for increasing the minimum mass for star formation and hence
for creating ideal environments for DCBH formation.
In this Chapter, we re-examine the role of baryonic streaming in the formation of
DCBHs. We show that although baryonic streaming by itself cannot produce haloes
capable of forming DCBHs, it provides a very natural mechanism for suppressing H2
formation in pairs of haloes until they reach the atomic cooling regime. It therefore
oﬀers a simple way of producing the pristine ACH pairs required by the synchronised
halo model without the need for a locally elevated LW background. Furthermore,
the risk of metal enrichment from background galaxies is signiﬁcantly reduced since
mini-halo formation is suppressed in the immediate vicinity.
5.2 Simulations
5.2.1 Numerical method
The simulations described in this Chapter are carried out using the arepo moving-
mesh code (Springel, 2010). We include both dark matter particles and gas cells.
The hydrodynamics of the gas is evolved using a Voronoi grid in which the gas
cells move along with the ﬂow. We use a recent version of arepo that includes im-
provements to the time integration scheme, spatial gradient reconstruction and grid
regularization discussed in Pakmor et al. (2016) and Mocz et al. (2015). We model
the thermal and chemical evolution of the gas in our cosmological boxes using an up-
dated version of the chemical network and cooling function implemented in arepo
by Hartwig et al. (2015b), based on earlier work by Glover and Jappsen (2007) and
Clark et al. (2011). Our chemical model accounts for the formation of H2 by the
H  and H+2 pathways and its destruction by collisions and by photodissociation. It
includes all of the chemical reactions identiﬁed by Glover (2015) as being important
for accurately tracking the H2 abundance in simulations of DCBH formation.
Compared to Hartwig et al. (2015b), we have made three signiﬁcant changes to
the chemical network. First, we have included a simpliﬁed treatment of deuterium
chemistry designed to track the formation and destruction of HD following Clark
et al. (2011). Second, we have updated the rate coeﬃcient used for the dielectronic
recombination of ionized helium, He+; we now use the rate calculated by Badnell
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(2006). Finally, we have improved our treatment of H  photodetachment to account
for the contribution to the H  photodetachment rate coming from non-thermal
CMB photons produced as a consequence of cosmological recombination (Hirata
and Padmanabhan, 2006). We describe this process using the simple analytical
expression given in Coppola et al. (2011).
Our treatment of the cooling accounts for all of the processes important at the
number densities probed by our simulations, including Lyman- cooling and H2
rotational and vibrational cooling. The latter is taken from Glover and Abel (2008)
and updated as described in Glover (2015). Further details of our chemical and
thermal treatment can be found in Schauer et al. (2017, in prep).
5.2.2 Initial conditions
We initialise our simulations at z = 200. We assume a CDM cosmology and use
cosmological parameters from the 2015 Planck data release (Planck Collaboration
et al., 2016b). Unless we explicitly state otherwise, we use physical units throughout
the Chapter. The initial conditions for the dark matter are created with music
(Hahn and Abel, 2011), using the transfer functions of Eisenstein and Hu (1998).
The baryons are assumed to initially trace the dark matter density distribution. To
account for the supersonic streaming of the baryons relative to the dark matter,
we ﬁrst set up a velocity ﬁeld in the baryonic component that is the same as that
in the dark matter, and then impose a constant velocity oﬀset, vstream. We take
the magnitude of this oﬀset to be vstream = 18 km s 1 at z = 200, corresponding
to a value of 3 rms, of the root-mean-squared streaming velocity at this redshift
(Tseliakhovich and Hirata, 2010).
We carry out two simulations, runs SB (small box) and LB (large box). In
run SB, we model a box of size (1Mpc=h) in comoving units, while in run LB, we
consider a box of size (4Mpc=h). Both simulations are performed using 10243 dark
matter particles and initially represent the gas using 10243 Voronoi mesh cells. In
run SB, we therefore have a dark matter particle mass of 99:4M and an average
initial mesh cell mass of 18:6M. In run LB, these values are a factor of 64 larger, as
summarised in Table 5.2.1. If we conservatively require 1000 dark matter particles
in order to consider a halo to be resolved (Sasaki et al., 2014, Schauer et al. 2017b
in prep.), then the corresponding resolution limits areMDM;res ' 105M for run SB
and MDM;res ' 6:4 106M for run LB. We note that even in our lower resolution,
larger box run, the minimum resolvable halo mass is smaller than the minimum mass
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Name Box length MDM (M) Mgas;init (M)
(h 1Mpc)
SB 1 99 18.6
LB 4 6360 1190
Table 5.2.1: Dark matter particle mass and initial mesh cell gas mass in our two simulations.
of an ACH in the range of redshifts considered in this Chapter, Matom  107 M.
For gas number densities n < 100 cm 3, we adopt a “constant mass” reﬁnement
criterion, meaning that arepo reﬁnes or de-reﬁnes mesh cells as required in order
to keep the mass of gas in each cell at its initial value, plus or minus some small
tolerance. At n  100 cm 3, we instead use Jeans reﬁnement, and ensure that the
Jeans length is always resolved by at least eight mesh cells. However, in order to
prevent run-away collapse to protostellar densities, we switch oﬀ reﬁnement once
the cell volume becomes less than 0:1 h 3 pc3 in comoving units, corresponding to
a density of n  106 cm 3.
5.3 Results
5.3.1 Masses and collapse redshifts of haloes containing cold dense
gas
We expect runaway collapse for densities exceeding a number density of n 
104 cm 3 (Glover, 2005). We therefore call a halo collapsed when this number
density is exceeded by at least one gas cell in that halo. In our simulations, the
ﬁrst objects collapse at z = 19 in simulation LB and at z = 14 in simulation SB.
This diﬀerence in collapse redshift is an expected consequence of the diﬀerence in
box size: simulation LB contains more large-scale power and hence naturally forms
collapsed objects somewhat earlier than simulation SB.
In Figure 5.3.1, we show the halo mass at collapse as a function of collapse
redshift zcoll. In our simulations, we produce output snapshots with a redshift
spacing z = 1 in order to restrict the volume of data produced to a reasonable
level. We can therefore not distinguish between haloes forming at e.g. z = 19:99
and z = 19:01, leading to the clear clustering of points in the Figure.
In simulation SB, we form only a single collapsed halo by the end of the simula-
tion. This object has a mass of 3 107M and a collapse redshift zcoll = 14. In run
LB, on the other hand, the larger box allows us to form more collapsed haloes. We
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Figure 5.3.1: Masses of haloes containing cold dense gas, plotted at their redshift of collapse
zcoll, deﬁned as described in Section 5.3. The clustering of points at particular values of zcoll
reﬂects the fact that we produce output snapshots with a redshift separation z = 1. The red
diamond denotes the halo in simulation SB, and the blue circles denote the haloes in simula-
tion LB. All collapsed haloes have masses larger than the minimum mass of an ACH (denoted
by the dashed black line), demonstrating that only ACHs can collapse when vstream = 3rms.
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Figure 5.3.2: Number density (left panels) and temperature (right panels) slices of the col-
lapsed halo with Mhalo = 3  107M in the SB simulation at redshift z = 14. In the upper
two rows, we show the central region in face-on and edge-on projections. In the bottom row,
we show the larger-scale structure surrounding the halo. The distances shown are in proper
units. The black or white arrows in the density slices show the velocity ﬁeld of the closest cell
projected into the plane. (Note that the velocities shown are computed in the centre of mass
rest-frame.) In blue, we show the streaming velocity at this redshift, scaled up by a factor of
10, and in orange the velocity of the centre of mass. We can see that the centre of the halo
is dense and cold with temperatures around a few hundred K. This is the place where Pop III




ﬁnd 2, 3, 10, 13, 37 and 86 haloes that collapse at redshifts z = 19 ; 18 ; 17 ; 16 ; 15
and 14, respectively. In every single case, the halo mass at collapse is larger than the
mass of a halo with a virial temperature of 8000 K (indicated by the dashed black line
in Figure 5.3.1), which is a reasonable proxy for the minimum mass of an ACH. Pre-
vious work has shown that Pop III stars in regions of the Universe with no streaming
velocity can form in minihaloes with masses of a few times 105M (Machacek et al.,
2001; Yoshida et al., 2003; Hirano et al., 2015). We ﬁnd no cold dense gas in any
halo with a mass less than the atomic colling limit, demonstrating that when the
baryonic streaming velocity is very high, the formation of Pop III stars in H2-cooled
minihaloes is very strongly suppressed.
Our results demonstrate that high baryonic streaming velocities are a viable
mechanism for producing a population of chemically pristine ACHs without the
need for a high LW background. A suﬃcient close pair of such haloes collapsing at
very similar redshifts would be an ideal site for the formation of a DCBH (Visbal
et al., 2014b; Regan et al., 2017). We have carefully examined whether any of
the collapsed haloes in the LB simulation have separations of less than 500 pc in
proper units, which is a reasonable upper limit on the required separation, but have
found no such close pairs. However, this is unsurprising, since their space density
is expected to be very small. In their simulations, Visbal et al. (2014b) ﬁnd two
closely synchronized halo pairs in a volume of  1:7 104 cMpc3, corresponding to
a number density of 1:2 10 4 cMpc 3, where cMpc denotes comoving Mpc. Since
the combined volume of simulations SB and LB is much smaller (209 cMpc3), the
probability of ﬁnding a synchronized pair is only  2:5%.
The fraction of the Universe with streaming velocities of 3rms or higher is
 5:910 6. If we assume that all high-redshift quasars originate from synchronized
halo pairs in regions with vstream  3rms, then we ﬁnd a quasar number density
of 0:7 cGpc 3. This number is in good agreement with the low number density of
quasars observed at redshift z = 6 of about 1 cGpc 3 (Fan, 2006). This statement is
based on the assumption that all observed high-redshift quasars can be well observed
and are not quiescent or hidden in a dust cloud. Thus the real number density of
quasars could be higher than the value that is observed today.
5.3.2 Gas properties within the collapsed haloes
Next, we take a closer look at the collapsed halo in simulation SB. In Figure 5.3.2,
we show slices of the number density and the temperature of the central region
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Figure 5.3.3: Properties of the collapsed halo with Mhalo = 3 107M in the SB simulation
at redshift z = 14. From top left to bottom right, we show the temperature, gas number den-
sity, H2 abundance and mass accretion rate as a function of radius, with the radius given in
proper units. The colored regions show two dimensional histograms of the distribution of gas
cells, the black lines the mass averaged values. For the mass accretion rate, we show a blue
line for outﬂowing masses. In the central, high density halo region, the temperature drops to a
few hundred Kelvin due to cooling by H2. In the same region, the H2 abundance reaches val-
ues above 10 3. Since the accretion rate is low ( 10 2M yr 1), we expect Pop III star for-
mation and not the formation of a supermassive star that eventually collapses into a DCBH.
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108 5.3. RESULTS
and the surroundings of our halo at redshift z = 14. In the upper left panel, we
see the face-on cut-through of the central 20 pc, where all of the dense, collapsed
gas can be found. Here, the densities are high enough for eﬃcient formation of
H2, leading to strong cooling. The dense region thus corresponds to a region of low
temperature (upper right panel). In the edge-on cut-through (middle left and middle
right panels), one can see a stream of hot, low-density gas ﬂowing onto the halo.
The larger-scale structure in which the halo is embedded can be seen in the lower
two panels. It is in the middle of several hot gas streams that feed the minihalo.
The central 200 pc region is shock-heated up to 104K, except for some high-density
streams that already cool eﬃciently.
In Figure 5.3.3, we can see the radial proﬁles of our halo in the SB simulation. As
can already be seen from the slice plots in Figure 5.3.2, we see a drop in temperature
at the centre of the halo, corresponding to a region of high density and high H2
abundance. Furthermore, in the bottom right hand panel of Figure 5.3.3 we see
that the mass inﬂow rate onto the central region is, on average, well below the
threshold value of  0:1M yr 1 for forming supermassive stars (e.g. Hosokawa
et al., 2013; Schleicher et al., 2013). These results conﬁrm the argument put forward
by Visbal et al. (2014a) that high streaming velocities are unable to prevent H2
formation in dense gas in ACHs, and demonstrate that the suggestion of Tanaka
and Li (2014) that streaming velocities alone can create the necessary conditions for
DCBH formation is incorrect.
In the top panel of Figure 5.3.4, we show a two-dimensional histogram of all
gas cells in simulation LB in a log(n)–log(T ) diagram. The region with low number
density and temperature corresponds to void regions in the simulation, where the
gas can cool below the CMB temperature adiabatically. In the bottom panel of
Figure 5.3.4, we depict the same histogram, but only for gas cells associated with
the collapsed haloes at this redshift. Unsurprisingly, there are no cells in the low
density, low temperature regime.
Above gas number densities of n > 1 cm 3, most of the gas undergoes cooling
and settles into temperatures of a few hundred K. There is, however, some gas that
occupies the high density, high temperature region in the diagram. We carefully
check that this hot (T > 4000K), dense (n > 104 cm 3) gas can be traced back to
shock heating of individual cells in the haloes (as predicted by Inayoshi and Omukai,
2012). These cells are typically located at the edge of the high density, cold centre
of the halo, where it is intersected by an inﬂowing gas stream (compare with Latif
et al., 2014b, who ﬁnd a similar behaviour in their low LW halo). In the bottom
108












all gas cells in LB













gas cells of collapsed haloes in LB
1e+00 2e+02 3e+04 4e+06 6e+08 1e+11
gas mass [M¯]
Figure 5.3.4: Two dimensional histograms of all gas cells in log(n)–log(T ) space at redshift
z = 14. The upper panel shows all gas cells in simulation LB, the lower panel all gas cells
in LB that are associated with the collapsed haloes. Above number densities of n ' 1cm 3,
the majority of the gas cells under-go cooling by H2 and HD and reach temperatures as low
as hundred K. The few high density – high temperature gas cells can be associated with single
shocked gas cells in some haloes. We can conclude that all collapsed haloes in simulation LB
have cool, dense centres similar to the halo in simulation SB.
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panel of Figure 5.3.4 we see that the majority of the dense, collapsed gas in our
haloes cools eﬃciently via H2 and HD emission down to temperatures of around a
hundred K. We can therefore safely conclude that all of the collapsed haloes that
form in our simulations have a cold, dense centre, and are therefore unlikely to
collapse to form DCBHs in the absence of external LW feedback.
5.4 Conclusions
In this Chapter, we have investigated the role that high baryonic streaming velocities
may play in the formation of DCBHs. We carried out two simulations in which we
imposed a constant velocity oﬀset, vstream = 3rms, where rms is the root-mean-
squared streaming velocity. One of these simulations used a volume of side length
1 cMpc=h, giving us very good mass resolution, but producing only a single sample of
an ACH. The other simulation used a larger volume with side length 4 cMpc=h, and
consequently had worse mass resolution but yielded a much larger sample of ACHs.
In both cases, we ﬁnd that the eﬀect of the large streaming velocity is to suppress
H2 formation (and hence star formation) in minihaloes: the ﬁrst haloes in which
gas is able to cool and collapse to high densities are all ACHs. However, contrary
to a suggestion by Tanaka and Li (2014), we ﬁnd no evidence for the suppression of
H2 cooling in any of the collapsed ACHs. In every case, H2 forms within the centre
of the halo, and so in the absence of additional physics, we would expect all of the
haloes to form Pop III stars rather than DCBHs. In the cases where Pop III star
formation is the ﬁnal result and if the Pop III star(s) ﬁnd themselves at the centre
of a convergent ﬂow with high in-fall rates then rapid growth may be possible even
when starting from a so-called “lighter seed”(Lupi et al., 2016; Pezzulli et al., 2016).
Nonetheless, our results demonstrate that high streaming velocities cannot by
themselves produce the conditions required for DCBH formation. However, they
do produce an ideal environment in which the synchronised halo model for DCBH
formation can operate. This model requires that star formation be suppressed in
a close pair of haloes until both reach masses large enough that they can start to
atomically cool (Dijkstra et al., 2008; Visbal et al., 2014b; Regan et al., 2017).
Achieving this with LW feedback is possible, but requires a LW radiation ﬁeld
strength that is signiﬁcantly higher than the typical background value (Visbal et al.,
2014b). High streaming velocities provide an alternative means of achieving the same
suppression without the need for a locally elevated LW background, and without
the risk that the haloes will be enriched with metals from nearby minihaloes. In
110
CHAPTER 5. DCBH FORMATION UNDER STREAMING VELOCITIES 111
addition, if we estimate the comoving number density of synchronised halo pairs that
are located in regions with vstream  3rms, we ﬁnd a number of order 1 cGpc 3,
in good agreement with the observed comoving number density of z > 6 quasars.
We conclude that synchronised halo pairs forming in regions of very high baryonic
streaming velocity are ideal candidates for forming the seeds of the ﬁrst quasars.
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Abstract How, when and where the ﬁrst stars formed are fundamental questions
that need to be answered if we want to understand the global star formation history
of the Universe. A few years ago, a second order eﬀect in the ﬂuid equations was
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re-evaluated by Tseliakhovich and Hirata (2010) and found to make a signiﬁcant
contribution: an oﬀset-velocity between gas and dark matter, the so-called stream-
ing velocity. It has been found to delay the formation of the ﬁrst stars and lower
the gas fractions and halo mass function. We present a set of cosmological, hydro-
dynamical simulations of diﬀerent regions of the Universe with diﬀerent streaming
velocities performed with the moving mesh code arepo. A primordial chemistry
network is coupled to the hydrodynamical evolution. Our simulations have a very
high resolution of 10243 dark matter particles and gas cells throughout the whole
volume of (1 cMpc=h)3. This enables us to study minihaloes down to masses of
105M with more than 1500 dark matter particles / gas cells. With these tools
in hand, we ﬁnd that the minimum halo mass for a halo to contain cold, dense gas
that will probably form Population III stars is Mhalo;min = 5 105M, independent
of redshift. Above a halo mass of Mhalo;50% = 1:2  106M, more than 50% of all
haloes possess cold, dense gas. For regions of the Universe with non-zero streaming
velocity, the halo mass function and the baryon fraction decrease. This also results
in high minimum halo masses for cold, dense gas. For regions with streaming ve-
locities vstream  3rms, only haloes exceeding the atomic cooling limit are able to
cool.
Keywords early universe – cosmic background radiation – dark ages, reionisation,
ﬁrst stars – stars: Population III – radiation: dynamics.
6.1 Introduction
The ﬁrst stars in the Universe form in minihaloes at high redshifts. Gas in these
haloes cools via molecular hydrogen down to temperatures of T  150   200K,
allowing the gas to collapse and form Population III (Pop III) stars (e.g. see reviews
by Bromm, 2013; Glover, 2013). The minimum halo mass required for cooling via
H2 and ﬁrst star formation is a crucial quantity for understanding the primordial
Universe.
The halo mass function scales inversely to the halo mass Mhalo, giving rise to a
strong dependence of the Pop III star number density on the minimum halo mass.
The implications reach far and are manifold:
Minihaloes may play a signiﬁcant role in reionisation. On the one hand, Pop III
stars may provide additional radiation that leads to an earlier start of reionization
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(Ahn et al., 2012). On the other hand, minihaloes play an important role by ab-
sorbing ionising photons, leading to a lower volume-averaged ionising fraction, thus
delaying the end of the reionisation epoch (Barkana and Loeb, 2002; Haiman et al.,
2001; Ciardi et al., 2006). Minihaloes could even leave an imprint on the 21 cm signal
prior to reionization (Shapiro et al., 2006; Yue et al., 2009). In addition, primordial
supernova rates depend on the number density of Pop III stars and hence on the
minimum halo mass (Magg et al., 2016).
The metal pollution history of the Universe also depends on the minimum halo
mass for Pop III star formation. If star formation takes place in lower mass haloes,
the ejecta from supernovae can escape from the potential wells of the haloes more
easily (Mac Low and Ferrara, 1999).
Two important eﬀects have been discussed in the literature that inﬂuence the
minimum halo mass. First, Lyman-Werner radiation originating from the ﬁrst stars
and galaxies can photodissociate molecular hydrogen. When H2 is destroyed, the
gas cannot cool down to low temperatures and loses its ability to form stars (see e.g.
Haiman et al., 1997, 2000). Unless the star formation eﬃciency is very low, most
of this Lyman-Werner radiation can usually escape the host halo (Schauer et al.,
2015, 2017a), following which it can travel for large distances in the early Universe.
Consequently, the onset of Pop III star formation is rapidly followed by the build-up
of a Lyman-Werner background (LWBG).
On a global scale, a LWBG leads to delayed star formation (Machacek et al.,
2001; Wise and Abel, 2007; O’Shea and Norman, 2008) and the halo mass required
for star formation increases (Haiman et al., 2000; Yoshida et al., 2003; Wise and
Abel, 2007; O’Shea and Norman, 2008; Visbal et al., 2014c). These studies, with
the exception of Yoshida et al. (2003), have the drawback that they focus on the
one or ten most massive haloes in their simulation volume and do not address the
question of where Pop III stars can form quantitatively down to smaller minihalo
masses.
Second, it has recently been discovered that relative velocities between baryons
and dark matter exist at recombination (Tseliakhovich and Hirata, 2010; Tseli-
akhovich et al., 2011). These studies show that this relative velocity is coher-
ent over several comoving Mpc with a root-mean-squared value at z  1100 of
rms  30 km s 1. Although this relative velocity decreases as vstream  (1 + z)
as the Universe expands, it nevertheless has profound eﬀects on the formation of
dark matter minihaloes. Streaming leads to a reduced baryon fraction in the haloes
(Naoz et al., 2012) and a lower halo number density (Tseliakhovich et al., 2011; Naoz
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et al., 2013), as it is harder for baryons to settle into the host dark matter haloes.
As a consequence, Pop III star formation is delayed (Greif et al. 2011b; Fialkov
et al. 2012, see however Stacy et al. 2011) and the minimum halo mass required
for eﬃcient H2 cooling is increased. Streaming velocities may even help create the
environment required for the formation of direct collapse black holes (Tanaka and
Li, 2014; Latif et al., 2014a; Schauer et al., 2017b).
In our study, we run a set of cosmological simulations with a box size of
1 cMpc=h (where c stands for comoving and h is the Hubble constant in units of
100 km s 1Mpc 1) down to a redshift of z = 14, leading to several thousand haloes
to analyse for each box. We study regions of the Universe with streaming velocities
of 0, 1, 2 and 3 times rms. In contrast to previous studies (e.g. Naoz et al.,
2012, 2013; Popa et al., 2016), we also include a primordial chemistry network in
our simulations, allowing us to investigate the thermal evolution of the gas. We can
not only investigate the gas fraction in our studies, but also how much cold, dense
gas assembles in the haloes that is available for Pop III star formation. Our very
high resolution of 20M per gas cell throughout our simulation volume allows us
to trace the gas up to very high densities of n > 102 cm 3 in all minihaloes. This
allows us to give a quantitative and statistically robust result about the inﬂuence of
streaming velocities on ﬁrst star formation. In this chapter, we study regions of the
Universe with diﬀerent streaming velocities and how this inﬂuences the formation
of Pop III stars. We will consider a LWBG and the combination of these eﬀects in
a follow-up study.
This chapter is structured as follows: we present our set of simulations in Sec-
tion 6.2. In Section 6.3, we analyse the results of our study, starting with the
simulation without streaming velocities in Section 6.3.1. In Section 6.3.2 we then
present the results for simulations with streaming velocities of 1, 2 or 3rms. We
conclude and discuss our ﬁndings in Section 6.4. Several Appendices give insight
into the numerical methods and analysis tools.
6.2 Method
6.2.1 Numerical method
Our cosmological simulations are carried out using the moving-mesh code arepo
(Springel, 2010). arepo solves the equations of hydrodynamics on an unstructured
mesh deﬁned by the Voronoi tessellation of a set of mesh-generating points that
move with the ﬂow of the gas. Dark matter is included using a Barnes and Hut
116
CHAPTER 6. STREAMING VELOCITIES AT FIRST STAR FORMATION 117
(1986) oct-tree.
To model the chemical and thermal evolution of the gas, we use an updated
version of the primordial chemistry network and cooling function implemented in
arepo by Hartwig et al. (2015b), based on earlier work by Glover and Jappsen
(2007), Glover and Abel (2008), Clark et al. (2011) and Glover (2015). The main
change with respect to Hartwig et al. (2015b) is the inclusion of a simpliﬁed model
of deuterium chemistry, focussing on the formation and destruction of hydrogen
deuteride, HD. This is important for our study because there are indications that
HD cooling can become signiﬁcant in some circumstances in low-mass minihaloes
(Ripamonti, 2007; Sasaki, 2015). Our treatment of the deuterium chemistry and HD
cooling follows Clark et al. (2011). In addition, we have made two further minor
changes to the chemistry network: we have updated the rate coeﬃcient used for the
dielectronic recombination of He+, and we have accounted for the photodetachment
of H  by photons from the cosmic microwave background. More details concerning
both of these changes are given in Appendix 6.A.
6.2.2 Initial conditions
Our simulations are initialised at z = 200. Their details are summarised in Table
6.2.1. The initial conditions for the dark matter are created with MUSIC (Hahn
and Abel, 2011), using the transfer functions of Eisenstein and Hu (1998). The
baryons are assumed to initially trace the dark matter density distribution. We
assume a CDM cosmology and use cosmological parameters derived from planck
observations of the CMB, namely h = 0:6774, 
0 = 0:3089, 
b = 0:04864, 
 =
0:6911, n = 0:96 and 8 = 0:8159 (Planck Collaboration et al., 2016b).
In our runs without streaming, the initial velocity ﬁeld of the baryons is the same
as that of the dark matter. In the runs that include streaming, we add a constant
velocity oﬀset, arbitrarily chosen to be in the x-direction, with a magnitude vstream.
We run simulations with vstream = 6; 12; and 18 km s 1, corresponding to values 1,
2 and 3 times rms, the root-mean-squared streaming velocity at z = 200. In our
initial conditions, we ignore the eﬀect of a position shift of the baryons with respect
to the dark matter due to the streaming, as Naoz et al. (2012) have shown that this
is unimportant at z  15 and is completely erased by the time z  15.
The naming convention for our simulations is simple. Each simulation has a
name of the form vN , where N denotes the streaming velocity in units of rms;
thus, v0 corresponds to a run with vstream = 0. Most of the simulations are carried
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Name Box size vstream Mgas MDM
[cMpc=h] [km s 1] [M] [M]
v0 1 0 18.6 99
v1 1 6 18.6 99
v2 1 12 18.6 99
v3 1 18 18.6 99
v3_big 4 18 1190 6360
Table 6.2.1: Overview of our simulations. Note that vstream gives the strength of the stream-
ing velocity at z = 200.
out with a box size of (1 cMpc/h)3. However, for the case with vstream =3rms,
we have carried out an additional simulation with a signiﬁcantly larger box size,
(4Mpc/h)3, which we name v3_big.
All simulations are performed with 10243 dark matter particles and initially have
10243 Voronoi mesh cells to represent the gas. This corresponds to a dark matter
particle mass of 99M and an average initial mesh cell mass of 18:6M in the
simulations with a box size of (1Mpc/h)3. The corresponding values in the run with
a larger box are larger by a factor of 43 = 64.
For gas number densities lower than n = 100 cm 3, we allow arepo to reﬁne
or de-reﬁne mesh cells as necessary to keep the mass of gas in the cells close to the
initial mass. At higher densities, we switch on Jeans reﬁnement, where we reﬁne
cells as required to ensure that the Jeans length J is always resolved by at least
eight mesh cells. However, to prevent run-away collapse to protostellar densities,
we switch oﬀ reﬁnement again once the cell volume drops below 0:1 h 3 cpc3. The
corresponding maximum density is redshift dependent, but typically a few times
106 cm 3.
6.2.3 Halo selection
We select haloes via a standard friends-of-friends algorithm. We have veriﬁed that
our results do not change much if we look only at the ﬁrst subhalo in each halo that
is actually gravitationally bound (see Appendix 6.C).
At each output redshift, we examine every halo and identify those containing
cold gas. In order to be counted as “cold” for our purposes, gas needs to fulﬁl the
following three criteria:
• Temperature T  500 K,
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• Hydrogen nuclei number density n  100 cm 3,
• Fractional H2 abundance xH2  10 4.
These criteria allow us to distinguish between gas which has formed H2, cooled and
begun to undergo gravitational collapse, and gas which instead has a low temper-
ature simply because it has not yet virialized. Our selection is insensitive to the
values chosen for the temperature and molecular hydrogen abundance criteria, pro-
vided we choose a temperature lower than the typical halo virial temperature and
larger than the minimum temperature reachable by H2 cooling, T  200 K, and an
H2 abundance that is considerably larger than the abundance in the undisturbed
intergalactic medium, xH2  10 6 (Hirata and Padmanabhan, 2006). We chose a
density threshold n  100 cm 3, above which we employ a Jeans reﬁnement crite-
rion. We assume that gas denser than this threshold has reached the “point of no
return” beyond which the gas cannot be stopped from collapsing, implying that the
halo will form stars shortly afterwards. We deﬁne the cold mass, Mcold, as the sum
of the gas masses in all of the mesh cells that fulﬁl the three criteria above. A halo
that contains at least one such gas cell is counted to be “cold” and contributes to
the number of cold gas haloes, Ncold.
6.3 Results
6.3.1 No streaming velocities
We begin by analysing the evolution of haloes in a patch of the Universe with zero
streaming velocity. Figure 6.3.1 shows the cumulative halo mass function N(> M)
plotted for several diﬀerent redshifts in range 14  z  24. We also show the
cumulative cold halo mass function Ncold(> M) for all haloes that contain at least
one cold, dense gas cell. At redshifts z  20, the most massive haloes are always cold,
whereas smaller haloes Mhalo  105 M are never cold, independent of redshift.
Figure 6.3.2 shows the cold gas massMcold against halo massMhalo for all haloes
that contain at least one cold gas cell at redshift z = 15. The cold gas mass scales
with the halo mass as






but with scatter of up to two orders of magnitude at the lower mass end. We provide
this ﬁt for all simulations in Appendix 6.D of the paper.
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Figure 6.3.1: Cumulative halo mass function for all haloes (solid lines) and cold haloes
(dashed lines) for redshifts z = 24  14 for the simulation without streaming velocity.

















Figure 6.3.2: Cold gas mass Mcold plotted as a function of halo mass Mhalo for the simula-
tion without streaming velocity at z = 15. The solid red line provides a ﬁt to the data points.
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Figure 6.3.3: Cold gas mass Mcold plotted as a function of halo mass Mhalo for the simula-
tion without streaming velocity at redshifts in the range 14  z  24.
The relation of cold gas mass against halo mass is rather independent of redshift.
Figure 6.3.3 shows the cold gas mass – halo mass relation for the same box in the
redshift range 14  z  24. At redshifts z = 24 (light green triangles) and z = 22
(blue pentagons), we are limited by small number statistics as our simulation sample
includes only 4 and 8 haloes that contain cold gas, respectively. For redshifts z  20,
the cold mass – halo mass relations for diﬀerent redshifts agree well and the exponent
is always in the interval [1.3,1.6].
As expected, larger haloes contain more cold gas, but it is not immediately
obvious whether this is because cooling is more eﬃcient in these haloes, or whether
it is larger because these haloes contain more gas. It is therefore interesting to
examine the cold gas fraction Mcold=Mhalo as a function of halo mass Mhalo, as
shown in Figure 6.3.4. We see a weak correlation between cold gas fraction and halo
mass. Larger haloes tend to have higher cold gas fractions, but the scatter is large.
The cold gas fraction is similar for higher redshifts as can be seen in Figure 6.3.5.
The main diﬀerence arises from the fact that the haloes forming at higher redshifts
are less massive and thus the diagram is less populated at higher halo masses for
higher redshifts.
Another interesting quantity is the minimum halo mass Mhalo;min for haloes to
harbour cold gas that will be able to form stars. There appears to be a clear edge to
the distribution of points on the left-hand side of Figures 6.3.2, 6.3.3, 6.3.4 and 6.3.5
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Figure 6.3.4: Cold gas fraction Mcold=Mhalo plotted as a function of halo mass Mhalo for
the simulation without streaming velocity at z = 15. Values are plotted only for haloes that
contain at least one cold gas cell.


























Figure 6.3.5: Cold gas fraction Mcold=Mhalo plotted as a function of halo mass Mhalo for
the simulation without streaming velocity for redshifts in the range 14  z  24. Values are
plotted only for haloes that contain at least one cold gas cell.
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Figure 6.3.6: Fraction of haloes that contain cold gas plotted as function of halo mass for
diﬀerent redshifts in the range 14  z  22. The dotted, grey horizontal lines mark the 25%,
50% and 75% transitions of Ncold=Nhalo from fewer to more cold haloes. Ncold=Nall generally
increases with halo mass. At redshift z = 22 we are limited by low number statistics.
that corresponds to a minimum halo mass. To quantify this, we show the fraction
of haloes with at least one cold gas particle, Ncold, over the number of haloes in
the mass bin, Nall, for diﬀerent redshifts in Figure 6.3.6. At all times, the fraction
Ncold=Nall increases with halo mass Mhalo. At redshifts z  22, there is always a
minimum halo mass above which more than 50% of all haloes harbour cold gas. The
transition happens at Mhalo  1:6 106M and is independent of redshift.
We show these two masses, the minimum halo mass Mhalo;min and the average
halo mass Mhalo;50% for Pop III star formation in Figure 6.3.7. In addition, we add
several models from the literature for comparison.
Simulations by Yoshida et al. (2003, orange dot-dashed line) ﬁnd a minimum halo
mass of  7 105M, which is about 50% larger than our value. As they are using
a lower resolution (their best resolution is about a factor of lower, mgas  42M),
an earlier and less accurate treatment of the H2 cooling function, as well as a higher
density threshold for their cold gas (n  5102 cm 3), this small discrepancy is not
surprising.
Other authors have used semi-analytic models to predict the minimum halo
mass. Trenti and Stiavelli (2009) ﬁnd the minimum halo mass for gas to cool within
a Hubble time to scale as (z + 1) 2:074. While we cannot see this redshift depen-
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Figure 6.3.7: Minimum halo mass Mhalo;min for a halo to contain cold gas and halo mass
Mhalo;50% above which more than 50% of all haloes harbour cold, dense gas plotted as a func-
tion of redshift. Over-plotted are data from the literature from Yoshida et al. (2003),Trenti
and Stiavelli (2009), Hummel et al. (2012),Crosby et al. (2013),Glover (2013). Note that the
results from Yoshida et al. (2003) are empirical results from a cosmological simulation, while
the other values are from toy models of cooling and collapse in high redshift minihaloes.
dence in our data, their predicted values are close to our simulation results, e.g. at
redshift z = 15: MTS09halo (z = 15)  6:1  105M. The predictions from Hummel
et al. (2012) and Glover (2013) overestimate the masses, while Crosby et al. (2013)
underestimates them.
6.3.2 Streaming velocities
In this section, we study the inﬂuence of diﬀerent streaming velocities on the ability
of gas to cool and form stars. We start by looking at two eﬀects that have been
studied by other authors before and that we can conﬁrm with our simulations.
Due to streaming velocities, it is harder for baryons to settle into a dark matter
halo. We show the baryon fraction Mbar=Mhalo as a function of redshift in Figure
6.3.8. Here, we measure the baryon fraction in haloes of 105Mor higher. For the
simulation without streaming velocity and no LW background, the baryon fraction
is close to the cosmic mean of 
b=
0  0:16. However, as we increase the streaming
velocity, the baryon fraction decreases, down to values as small as of 0.01 in the v_3
run. This decrease in gas fraction has been predicted by Tseliakhovich and Hirata
(2010) and seen in simulations before by several authors (e.g. Tseliakhovich et al.,
124
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Figure 6.3.8: Baryon fraction in haloes with masses of Mhalo  105M as a function of
redshift. In the case of zero streaming velocity (light green), the value approaches the cosmic
mean (dashed grey line). For all simulations with non-zero streaming velocities (blue, dark
green, grey), it is well below that value.
2011; Naoz et al., 2013) and we can conﬁrm the eﬀect for our data.
A second large-scale eﬀect follows as a consequence: the halo mass function
decreases in simulations of non-zero streaming velocity regions owing to the de-
creased contribution of baryons to the self-gravity of overdense regions. We show
how the inﬂuence of streaming velocities lowers the cumulative halo mass function
N(> Mhalo) at redshift z = 15 in Figure 6.3.9 for all simulations in the small box.
The suppression in our simulations is on the order of 10% to 25% in the mass range
of Mhalo = 105   106M at z = 15 per additional rms streaming velocity. Naoz
et al. (2012) see a decrease by 15% and 50% for 1.7rms and 3.4rms regions, respec-
tively at redshift z = 19. Popa et al. (2016) ﬁnd a similar decrease of small objects
with Mhalo  105M of 60% at redshift z = 20. Our results are therefore in good
agreement with other recent studies.
We would like to note that Naoz et al. (2012) ﬁnd overall lower halo mass func-
tions when comparing to their simulation with normal 8 = 0:82. This may be
due to the fact that they use only gas and dark matter within the virial radius to
construct their halo masses, while we consider the mass of the whole structure found
by the friends-of-friend algorithm.
Our study goes beyond these existing studies as we are able to follow the collapse
125
126 6.3. RESULTS





















v = 6 km/s
v = 12 km/s
v = 18 km/s
Figure 6.3.9: Cumulative halo mass function N(> Mhalo) at redshift z = 15 for all simu-
lation in the small box and streaming velocities of 0, 1, 2 and 3 rms. The total number of
haloes is shown as a solid line, the number of cold gas haloes as a dashed line.
























Figure 6.3.10: Cold gas fraction Mcold=Mhalo as a function of halo mass for the simulation
with a streaming velocity of 1 for redshifts in the range 14  z  20. Values are only plotted
for haloes that contain at least one cold gas cell.
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Figure 6.3.11: Cold gas fraction Mcold=Mhalo as a function of halo mass for the simulation
with a streaming velocity of 2 for redshifts in the range 14  z  18. Values are only plotted
for haloes that contain at least one cold gas cell.






















Figure 6.3.12: Cold gas fraction Mcold=Mhalo as a function of halo mass for the simulation
with a streaming velocity of 3 in the small box for redshifts in the range 14  z  16. Values
are only plotted for haloes that contain at least one cold gas cell.
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Figure 6.3.13: Halo mass of the ﬁrst halo to contain cold gas (circles) and halo thresh-
old mass above which more than 50% of all haloes contain cold gas (stars) as a function
of redshift. The results for all simulations are shown here. Diﬀerent colours indicate diﬀer-
ent streaming velocities. Solid lines show the average halo mass of the ﬁrst halo to contain
cold gas for the diﬀerent streaming velocities, dashed lines show the average halo mass above
which 50% of the haloes contain cold gas.
of gas to cold, dense structures in the centre of a halo. In Figures 6.3.10, 6.3.11
and 6.3.12 we show the cold mass fraction Mcold=Mhalo against halo mass Mhalo
for the three diﬀerent streaming velocity simulations. Compared to the case of
zero streaming in Figure 6.3.5, one can immediately see that the number of haloes
in the ﬁgures decreases with increasing streaming velocity. This eﬀect cannot be
reduced to the decrease in halo mass function alone. In regions with high streaming
velocity, cold gas can only assemble in more massive objects than in regions with
zero streaming. This can be seen from the same ﬁgures, as the minimum halo mass
for cold gas shifts to higher values.
Similar to Figure 6.3.7, we can give quantitative values for simulations of the
diﬀerent streaming velocity regions. Figure 6.3.13 shows the mass of the ﬁrst cold
halo and the halo mass threshold above which most of the haloes are cold. One can
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see that the redshift for the ﬁrst halo to contain cold gas decreases with increasing
streaming velocity: for v1, the ﬁrst halo with cold gas forms at redshift z = 20, for
v2, it forms at z = 18 and for v3, it forms at z = 17.
The halo mass, above which more than 50% of the haloes contain cold gas,
is independent of redshift and moves to higher halo masses for higher streaming
velocities. The minimum halo mass Mhalo;min increases from 1:2 106M at 1 by
a factor of ﬁve to 6:1106M at 2 and by another factor of two to 1:4107M at
3. The increase in halo mass Mhalo;50% above which more than 50% of all haloes
harbour cold gas is a factor of 1.3 larger, from Mhalo;50% = 3:4  106Mat 1 to
1:3 107M at 2 to 2:1 107M at 3.
Simulation v3 contains only four haloes with cold, dense gas at our ﬁnal redshift
z = 14. We therefore include the results from the large box v3_big in Figure 6.3.7.
Due to the simulation volume that is increased by a factor of 64, we have many
more and also more massive objects forming. The ﬁrst halo in this simulation to
contain cold gas is at redshift z = 20.
This oﬀset in halo mass has been observed by Greif et al. (2011b), who ﬁnd an
average increase in halo mass by a factor of three for a streaming velocity of 1rms.
This is very similar to our results, as we ﬁnd an increase in the minimum halo mass
by a factor of 2:5 and in the average halo mass by a factor of 2:4. Since we do
not study the evolution of individual haloes, we do not see a delay of these haloes
when becoming star forming. It is worthwhile noting that studies like Greif et al.
(2011b) and Stacy et al. (2011) studied only the most massive object forming in
their simulation volume. We, on the contrary, study all haloes in our simulation
volume and thus have a statistically more valuable sample. We ﬁnd an oﬀset of a
factor of four between the least massive halo that harbours cold gas and the 50%
threshold for haloes to host cold gas in halo mass.
6.4 Discussion and Conclusion
We have performed ﬁve cosmological hydrodynamical simulations using the code
arepo, including a primordial chemistry network. They target diﬀerent regions
of the Universe with zero, 1, 2 and 3 rms streaming velocity to understand the
inﬂuence of the streaming velocity value on ﬁrst star formation. Our employed
resolution is very high throughout the box, leading to thousands of well-resolved
minihaloes.
In a region of the Universe with zero streaming velocity, we ﬁnd that the min-
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imum mass above which a halo forms cold, dense gas in its centre is Mhalo;min 
4:8  105M. At halo masses of Mhalo;50%  1:6  106M and above, more than
50% of the minihaloes contain cold, dense gas. In contrast to predictions from ana-
lytical studies, we do not see a dependence of this mass on redshift. Our minimum
halo mass is a factor of  50% larger than the value found by Yoshida et al. (2003).
In follow-up work, we will study the implications of LWBG radiation on the
formation of cold gas in minihaloes for regions of the Universe with 0, 1, 2 and
3rms streaming velocity. We will then be able to give consistent results for the
suppression of Pop III star formation due to a LWBG in our large sample of highly
resolved minihaloes. We will be able to determine which eﬀect dominates the delay
of Pop III star formation.
Furthermore, X-rays might play an important role, as they provide additional
free electrons to trigger formation of molecular hydrogen and possibly enhance star
formation (see e.g. Glover and Brand, 2003). In the future, we plan to include X-ray
radiation as well to get a consistent picture of ﬁrst star formation in the Universe.
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6.A Updates to the chemical model
The primordial chemistry model used in this study is based on the model imple-
mented in arepo by Hartwig et al. (2015b), but has been updated in several re-
spects. The most signiﬁcant diﬀerence is the inclusion of a simpliﬁed treatment of
deuterium chemistry designed to track the formation and destruction of HD. Our
treatment of the deuterium chemistry follows that in Clark et al. (2011) and full
details can be found in that paper. In the interests of brevity, we do not repeat
them here.
The second update involves our treatment of the dielectronic recombination of
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ionized helium, He+. In Hartwig et al. (2015b) we used a rate for this process taken
from Aldrovandi and Pequignot (1973). In our present study, we use instead the
more recent determination by Badnell (2006). In practice, we expect this change
to have no signiﬁcant impact on our results, as at the gas temperatures probed
in this study, very little ionized helium is present, and the small amount that is
created recombines primarily via radiative recombination rather than dielectronic
recombination.
Finally, we have also updated our treatment of H  photodetachment. In all of
our runs, we account for photodetachment of H  by CMB photons. The rate for
this process is given by the sum of two contributions, one describing the inﬂuence of
the thermal CMB photons and a second describing the inﬂuence of the non-thermal
radiation background produced by cosmic recombination at z  1100 (Hirata and
Padmanabhan, 2006). For the thermal contribution, we adopt the following rate








where Tr = TCMB = 2:73(1 + z) K. For the non-thermal contribution, we adopt the
expression (Coppola et al., 2011)





The total H  photodetachment rate is simply the sum of these two terms.
6.B Numerical convergence of box sizes
We want to provide robust results that are numerically converged. Therefore, we
test our ﬁducial resolution of 2 10243 particles in (1 cMpc/h)3 against larger and
smaller mass resolutions with otherwise identical initial conditions. For simulations
with box length of 500 ckpc/h, we vary the number of particles from 2  1283 to
2  10243 in steps of eight. Therefore, the mass resolution changes between each
simulation by a factor of 8. As a test case, we present variations of the simulation
without feedback.
In Figure 6.B.1 we show the cold gas mass against halo mass for the four real-
isations. One can see that for the two lower resolutions of 2  1283 particles and
2  2563 particles, the cold gas mass is lower than for the two higher resolution
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Figure 6.B.1: Resolution test: diﬀerent number of particles and Voronoi cells for a cosmo-
logical box with the side length of 500 ckpc=h. There are many fewer red circles (2  2563
particles) and only one green diamond (2  1283 particles) than blue stars (2  5123 parti-
cles) or black squares (2  10243 particles). Except for one halo at  105:6M, the onset of
eﬃcient cooling at a halo mass  105:8Mis the same for the 2 5123 and 2 10243 runs.
cases. Our ﬁducial resolution of 2  5123 particles agrees well with a even higher
resolution of 210243 particles. We are therefore conﬁdent our simulations are well
converged.
6.C Comparison of friends-of-friends results with subfind
In the high-redshift Universe, minihaloes tend not to be spherical but instead are
very elongated and irregular (see also Sasaki et al., 2014). Our results could therefore
depend on the halo ﬁnding algorithm. In this Appendix, we provide a check to show
that our results are independent of the halo selection algorithm. In this paper, we
have considered all cold gas particles that were associated to a halo by the standard
friends-of-friends (fof) algorithm. Another possibility is to consider only gas that
belongs to the most bound subhalo in the fof structure. For this test, we use the
halo ﬁnding algorithm subﬁnd (Springel et al., 2001).
In Figure 6.C.1, we show the cold gas mass as a function of halo mass for the
simulation without LWBG or streaming at redshift z = 15 (red circles). Overplotted
are the cold gas masses in the most bound subhaloes (black stars). The cold gas
mass found in the most bound subhalo agrees very well with the cold gas mass found
132
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Figure 6.C.1: Cold gas mass against halo mass for the simulation without LWBG or stream-
ing at redshift z = 15. We show the cold gas mass selected by two diﬀerent halo ﬁnders: cold
gas found in the whole fof structure (red circles) and cold gas only found in the most massive
subhalo (black stars).
in the whole fof structure. At the highest halo masses, some halos contain more cold
gas when considering only the most bound subhalo. We therefore conclude that for
this study, our results are not sensitive to the halo ﬁnding algorithm.
6.D Cold mass - halo mass relation
In Section 6.3.1, we have provided a ﬁt for the cold gas mass - halo mass relation.
As can be seen in Figure 6.3.2, the scatter is signiﬁcant and should not be neglected
when using our ﬁtting approximation. Despite this caveat, we provide ﬁts to all our
simulations in Table 6.D.1 that could be used for semi-analytical calculations. The
data in this table is given in the form
log10 (Mcold) = a log10 (Mhalo)  b: (6.4)
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Name a b a b
z 15 15 20 20
v0 1.618 5.830 1.296 3.984
v1 1.771 7.229 1.161 3.759
v2 3.086 16.965 – –
v3_big 1.739 7.658 2.815 15.988
Table 6.D.1: Cold gas mass - halo mass relation for all simulations at redshifts 15 and 20.




In this thesis, we have studied two eﬀects that can delay the formation of the ﬁrst
stars: streaming velocities and Lyman-Werner radiation. We started by computing
the escape fractions of LW photons from the ﬁrst stars in minihaloes in Chapter 3
and from stellar populations in the ﬁrst galaxies in Chapter 4.
With our one dimensional models, we are able to properly resolve the very thin
shell of molecular hydrogen that can build up in front of the ionization front. This
shell can lead to complete self-shielding of H2, preventing LW radiation from escap-
ing from the source halo.
We distinguish two diﬀerent regimes: the near-ﬁeld and the far-ﬁeld. In the near-
ﬁeld, we are sitting in the rest frame of the source and therefore in the line centres
of the LW lines and can use self-shielding functions to describe the escape fraction.
In the far-ﬁeld, we assume that we are shifted out of resonance and consider how
much radiation in the LW range from 11.2 eV to 13.6 eV has been absorbed.
We ﬁnd that a massive 107M halo can shield radiation even from a
120M Pop III star completely in the near-ﬁeld and reduces the escape fraction
in the far-ﬁeld to  70%. For lower-mass minihaloes, the escape fraction is usually
larger, and increases with the mass of the stellar radiation source. Another impor-
tant result is that shielding of H2 by neutral hydrogen plays an important role; in
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some cases, it can reduce the escape fraction by up to a factor of three.
In the follow-up study presented in Chapter 4, we investigate time-dependent
spectra from stellar populations that are assumed to form in an instantaneous star-
burst. We consider initial mass functions for the stellar radiation sources that range
from very extreme with a Salpeter slope and a minimum and maximum mass of
50 and 500M, to normal and similar to present day with a Kroupa shape and
a minimum and maximum mass of 0.1 and 100M. Except for a very small star
formation eﬃciency of 0.1%, the ﬂux-averaged LW escape fraction is always larger
than 50%. The build-up of the LWBG from stellar populations in their host galaxies
is therefore eﬃcient.
The results from these chapters have already been included in a semi-analytical
merger tree model that uses a self-consistent LWBG. This code has been used for
applicaions ranging from modelling the Pop III supernovae rate (Magg et al., 2016)
to studies of the luminous Lyman emitter CR7 (Hartwig et al., 2015c).
In Chapters 5 and 6, we studied the other important eﬀect to delay ﬁrst star
formation: streaming of baryons relative to the dark matter. We performed cosmo-
logical hydrodynamical simulations with diﬀerent streaming velocities that represent
diﬀerent regions of the Universe. We ﬁnd that the minimum halo mass for cooling
in a halo is Mhalo  7  105M in regions with no streaming velocity. This value
increases with higher streaming velocities. This minimum halo mass shows no de-
pendence on redshift, contrary to expectations from simple toy models.
For regions with the highest streaming velocity values we investigate, three times
the root-mean-squared value, the halo mass required for eﬀective cooling shifts above
the atomic cooling mass 1. We have studied whether these regions of the Universe
are good sources for direct collapse black holes (see Chapter 5). We investigate all
haloes whose centres have collapsed to number densities of n  104 cm 3. All of
them contain molecular hydrogen and their centres are cold. As H2 formation is not
suppressed, gas in these haloes will not collapse without fragmentation and form a
supermassive star (and subsequently a very massive black hole). Instead, the gas
will cool and fragment, giving rise to Pop III star formation.
In the synchronized halo model (as e.g. discussed by Agarwal et al., 2016; Regan
et al., 2017), two neighbouring haloes are needed for DCBH formation that need to
be well-synchronized in time and distance. One needs to collapse a few kyr to Myr
earlier than the other, igniting a large star burst. The resulting LW radiation is
then incident on the neighbouring halo, destroying its H2. When this second halo
1The mass scale at which cooling is dominated initially by atomic hydrogen rather than H2
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collapses, it then forms one massive object as fragmentation is suppressed. The tight
constraint on timing and the distance come from the fact that the LW ﬂux seen by
the second halo must be very large, but the haloes must be distant enough to avoid
the ﬁrst polluting the second with metals.
For this scenario to work, it is crucial that neither of the haloes are pre-enriched
by metals. This means that their progenitor minihaloes must be prevented from
forming stars. This can be achieved by a large LWBG (Regan et al., 2017), although
this still leaves one with the problem of producing a suﬃciently high background.
However, we ﬁnd in our study that in 3rms streaming velocity regions, Pop III star
formation in minihaloes is also suppressed. We conclude that these small haloes
stay pristine and metal-free. Consequently, close pairs of atomic cooling haloes
forming in regions of the Universe with vstream  3rms are good candidates for the
formation sites of direct collapse black holes. Combining the number densities of the
synchronized halo pairs estimated by Visbal et al. (2014b) and the volume fraction
of the Universe with streaming velocity of 3rms or higher, we ﬁnd a number density
for DCBHs of  1 cGpc 3. This value is very close to the observed number density
of high redshift quasars that has been estimated to be  0:7 cGpc 3 (Fan et al.,
2006). We therefore might explain the existence of these massive, early quasars
with our model.
A lot of exciting future work is expecting us. We plan to continue the cosmo-
logical simulations run with arepo, under the inﬂuence of a LWBG. We will use
two uniform backgrounds of 0.1J21 and 0.01J21 and turn them on at high redshift
z = 40. This simple model will let us determine the eﬀect of LW radiation directly.
We will study the same LWBG radiation in regions of the Universe with diﬀerent
streaming velocities. This will allow us to determine how large the delay of LWBG
is on ﬁrst star formation and whether the local streaming velocity or the LWBG
plays a dominant role in delaying Pop III star formation.
With these numbers in hand, we can then develop a semi-analytic model for the
LWBG that incorporates the suppression of Pop III star formation in regions with
diﬀerent streaming velocities and due to the LWBG itself. This new self-consistent
model for the LWBG can then be employed in a simulation to yield realistic results
for the star formation history of the Dark Ages. In the future, we would then like
to combine these two negatives eﬀects with X-rays, that are predicted to enhance
star formation (see e.g. Glover and Brand, 2003).
To built upon our results, sprai, a new tool for the transport of ionizing pho-
tons in arepo has been developed (Jaura et al. in prep). It is build upon the
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Simplex (Paardekooper et al., 2010) algorithm, which transports ionizing photon
packages between the cells of a Voroni mesh and can be used as a post-processing
tool on a snapshot. With sprai, the ionizing photons will be transported on every
hydrodynamical time step of the simulation.
With this new tool, we plan to determine the escape fractions of ionizing photons
from minihaloes with the highest resolution up to date; simulations like FiBY or
Renaissance can resolve minihaloes with  100 gas particles (FiBY; Paardekooper
et al., 2015) or even fewer gas cells (Renaissance; O’Shea et al., 2015; Xu et al., 2016).
We will be able to increase that resolution by a factor of 50 – 200. We also plan
to properly include binaries into our stellar radiation sources as their contribution
might increase the escape fraction by a factors of 4-10 (Ma et al., 2016).
Following up on that project, I will further supervise a master student studying
the spread of metals from supernova explosions in the previously photoevaporated
minihaloes. We will be able to study many minihaloes at the same time, and develop
a global picture of metal spreading in the early Universe and the transition to Pop II
stars throughout the entire simulation volume of 1 cMpc3 with high resolution.
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